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Abstract 
The extreme diversity of conditions acting on railways demands a variety of 
experimental approaches to investigate the significant wear and damage mechanisms 
that present themselves at the rail/wheel contact interface. This research has mainly 
focused on improvement of existing knowledge by introducing novel approaches to 
tackle aspects in wear and rolling contact fatigue that may be of interest in numerous 
areas of industrial research. These studies have stepped up the effects of operating 
conditions on the wear mechanism at the rail-wheel contact interface. It is also 
equally important to understand the material behaviour of rail steel in order to make 
better predictions.  
AS60 Australian head-hardened rail steel is widely used in freight track 
networks. These rails have been subjected to an induction hardening process and 
quenched with compressed air to ensure proper control of the cooling rate. 
Mechanical and material properties of rail steel are significantly important in 
understanding its damage mechanisms. Paper 1 in Chapter 4 explores the material 
behaviour of the heat-affected zone of head-hardened Australian rail steel. Initially, 
the microstructure was observed at near surface and at 33 mm depth. The inter-
lamellae spaces were noted to have dramatically increased from top to bottom. The 
investigation extended to mapping hardness at the rail head. It was found that heat-
treated rail steel exhibited non-uniform hardness distribution at the rail head. Then, 
detailed studies were conducted to obtain cyclic parameters of the predefined four 
depth levels corresponding to the hardness profile. Different ratcheting behaviour 
was observed in the heat-treated rail head with depth, unlike in premium rail steel. 
The cyclic behaviour of heat-treated rail steel has not been studied before, however, 
similar material behaviour is being observed in the flashbutt weld joints of premium 
rail steel, where most of the fatigue damage has been encountered in the field. The 
flashbutt welds are created a heat affected zone during its operation. Thus, this study 
can be used as a guide for understanding the material behaviour of the weld joints 
that may attract the further interest of the heavy haul industry. 
Chapter 4 has been extended with further investigation of the numerical 
simulation of ratcheting response under railway field conditions. The study explains 
that the primary calibration of the material parameters were conducted using the 
traditional Barri and Hassan method and the use of MCalibration software to further 
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optimization. Finally, tertiary calibration has been conducted to find optimal 
parameters set that represent material behaviour accurately, corresponding to 
different depth levels, just by changing the yield strength. These optimal parameters 
have been used in a validated finite element model to investigate ratcheting response 
of the rail steel corresponding to wearing depth. The simulation has shown that non-
uniform hardness behaviour of the rail steel has a significant effect on the wear 
safety condemned limits of the AS60 HH rail steel as per the standard. Therefore, 
further investigation of the safety limits of rail steel is recommended for long term, 
re-railing plans. 
The rail/wheel contact interface starts with a dime-sized contact patch. 
However, this contact patch can evolve into distinct shapes depending upon the rail 
material wear and plastic deformation of the surface. Frequent preventive and 
corrective grinding is performed on rails and wheels to obtain the proper contact 
profiles and remove defective layers to avoid catastrophic failure of the rail or wheel. 
Paper number 2 in Chapter 5 investigates the effects of contact pressure and 
geometry in rolling-contact wear tests by using discs with different radii of curvature 
to simulate the varying contact conditions that may be typically found in the field. In 
experimental practice, it is more common to study a line contact interface, which 
offers the simplicity of preserving steady contact pressure with wear. However, in 
the practical scenario of the wheel-rail interface, the contact area increases and 
contact pressure changes with track wear. Moreover, the material properties can also 
change as any hardened layer is worn away.  
In this work, the tests were conducted without any significant amount of 
traction, but micro slip was still observed due to contact deformations. Moreover, a 
substantial variation of contact pressure was observed due to contact patch 
elongation and diameter reduction. Rolling contact fatigue and adhesive and sliding 
wear were observed on the curved contact interface. The development of different 
wear regimes and material removal phenomena were analysed using microscopic 
images to broaden the understanding of the wear mechanisms occurring in the rail-
wheel contact. As a result of the numerous experiments conducted, various factors 
that assisted in the study of wear mechanisms were highlighted, such as surface 
profile data (obtained from high quality replicas), wear particles and roughness 
measurements. 
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The wear particles were generated as a result of the wear mechanism of the 
parent interface. Most existing research has focused on the particle morphology 
correlation with its wear mechanism. However, some hypotheses have been 
developed to explain wear debris generation mechanisms under sliding wear 
conditions, but correlations are yet to be proven in detail. The rolling and sliding 
action of the rail/wheel contact interface often results in the discharge of flake-like 
particles, where clumps of oxides and delaminated metal debris are extruded into 
shapes akin to corn flakes. Papers 3 and 4 in Chapter 6 have provided experimental 
evidence of the particle generation mechanism by considering sectioned particles. 
The Quanta 3D focussed ion beam instrument is commonly used in the study of 
nano-materials and as a tool for micro-fabrication. However, the instrument offered a 
useful novel approach that elucidates the compaction of oxides with metal slivers, as 
observed in sectioned wear particles. Furthermore, cross-sections of the rolling 
contact fatigue particles exhibited plastic strain accumulation along the contact 
running direction. Consequently, these papers provide strong experimental evidence 
for the processes of flake propagation, aggregation, transfer and compaction of metal 
and oxide debris, therefore confirming the existing hypothesis and enhancing the 
understanding of an important wear mechanism in the rolling contact interface.  
In progression, Paper 4 explains the development of the plastically deformed 
layer due to delamination of the grain boundaries, using nano-indentation on metal 
debris slivers found within the sectioned particles. The methodology devised offers a 
very useful technique for analysing the subsurface and surface fatigue damage 
mechanism in rail/wheel contact interfaces. 
All these studies have been focused on speculation RCF in the rail material, 
but it is also equally important to study how they are developing in the railway tracks 
with uncontrollable conditions. Current methods have focused on identified 
initiated/developed critical cracks in the surface/subsurface material using Eddy-
current (or Magana flux), Ultrasound, visual inspection, etc. to rectify the damage on 
the rail head. It is also noted that preventive/corrective grinding leaves surface 
irregularities on the rail surface, which may act as stress intensifiers, leading to crack 
initiations in the subsurface. The research has identified the practical approach to 
trace development/evolution of the surface fatigue and initial surface attributes under 
rail traffic conditions using surface replications. Paper 5 explores surface replication 
techniques on the twin-disc test rig to trace the surface attribute variation, with 
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minimal effects on wear mechanism. Further, this method was implemented as an in-
field replication of squats that reveals extensive information about the crack 
morphology and development. This novel approach is recommended as a valuable 
research tool for the industry as well as the researcher, who remains keen on 
investigating surface fatigue damage development of rail materials. 
The final chapter of this thesis, Chapter 8, summarises the findings from each 
of the articles, including their significance, the limitations of the study, and 
recommendations for future research.  
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1 Introduction  
One of the most important aspects of the industrial revolution was the 
development of the rail industry. It was a bridge for many countries to develop 
profound social, economic and political change. It still supports the world‘s economy 
through reliable mass and freight transportation. Research has been conducted over 
many years to enhance the railway system in Australia, in terms of safety, reliability, 
maintenance, rolling stocks and economics. In 1854, the first Australian steam train 
travelled from Melbourne to Port Melbourne [1]. Since then, the railway industry has 
rapidly developed by connecting states and enabling the transportation of goods and 
passengers across Australia.  
The rail freight transportation system is efficient, safe and environmentally 
friendly. For example, one train can transport goods equal to 100 road-freight trucks, 
and it is also four times more fuel efficient and cuts down highway traffic and 
associated accidents. Furthermore, more carbon credits can be accrued than by using 
trucks. The IBISWorld (2015 ANZSIC-l4710) industry report of rail freight transport 
highlights that Australian rail freight transport earned 8.2 billion dollars, and 
passenger transport (IBISWorld industry reports l4720) made 8.8 billion dollars 
revenue in the 2014-15 year. However, approximately 12% of revenue goes to the 
maintenance of rolling stock, re-railing, grinding, etc. So, even minor improvement 
in the process can save millions of dollars per annum.  
The rail industry has grown rapidly in the last 15 years, so it is important to 
assure safety and efficiency of the railway system now, more than ever. A glitch in 
operation and maintenance procedures can have a catastrophic impact on the 
industry. Santos et al. [2] investigated the social and economic effects on the rail 
industry due to railway accidents. The Hatfield train disaster in the UK killed four 
people and injured 34 in 2000. Rolling contact fatigue was the cause of the accident, 
and this led to costs of £ 733 million (AUD $ 1.73 billion) for repair and 
compensation payments. In July 2013, the Santiago de Compostela (Spain) 
derailment occurred at a high-speed rail curve, causing 140 people to be injured and 
79 deaths as a result of this incident. More recently, catastrophic derailment of a 
freight train at Julia Creek, North Queensland in December 2015 has led to the 
leaking out of more than 31,000 litres of sulphuric acid to the environment; the 
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damage has not been quantified yet. Thus, it is of utmost importance to maintain and 
monitor railway systems at their safest and most reliable condition at all times. 
According to the above figures, minor advancements in the rail/wheel life cycle 
will make a significant impact on maintenance as well as the safety and reliability 
aspect of the rail freight/passenger transport system. This research has focused on 
identifying parameters that can control wear mechanisms at the rail/wheel contact 
interface, and developed novel experimental approaches to advance current and 
future research. 
 Background 1.1
Heavy haul track infrastructure mainly used plain carbon rail steel before the 
1990s, where the majority of rail was subjected to severe wear through higher 
contact load. After 1990, Australian heavy haul train lines were re-railed [3] using 
head-hardened rail steel as a remedy to severe wear. The majority of problems have 
been solved. However, these head-hardened rails surfaces, through over-exposure; 
develop a brittle hardened layer, which leads to rolling contact fatigue damage. As a 
consequence, researchers have centred on investigating controlled rolling contact 
fatigue damage on the rail head. The rolling contact fatigue is highly expensive and 
yet an unavoidable problem for maintenance experts. Lack of attention to these 
factors has caused catastrophic failure in the past, so, every detail studied helps us to 
move one step closer to understanding and controlling rolling contact fatigue.  
The plastically deformed layer has been taken out through preventative and 
corrective grinding strategies. Shearing off the deformed material layer induces some 
surface roughness as well as some deformation at the near surface of the rail head. In 
2002, Kapoor et al. [4] highlighted that plastic flow could occur in the subsurface 
due to higher shear stress resulting from the initial surface roughness on the rail head. 
Further, it was noted that this peak pressure could be higher by a factor of eight when 
compared to the case of a smooth surface. In the literature on bearings [5], it is 
highlighted that surface roughness has the effect of intensifying the localised contact 
loading and accelerating surface/subsurface crack initiation. Unlike bearings, the rail 
head is subjected to considerable traction load function and the different surface 
profiles generated throughout its wearing process haven‘t been studied in detail. 
Ishida et al. [6] studied the initial surface roughness effect on rolling contact fatigue 
and concluded that initial roughness follows exponential decay and plateaus in lower 
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roughness. However, the study was based on the initial roughness that lies 
perpendicular to the travelling direction and lubricated contacts. No extensive 
research has been conducted to quantify the effect of initial roughness that is not 
perpendicular to the rolling direction, as is found more commonly in field 
measurements after track grinding maintenance. Here, the roughness lay due to 
grinding maintenance process, is formed by about 40 different grinding stones that 
have been used in the surface grinding process and, subsequently, due to wear 
corresponding to the first couple of MGTs; however, a part of some rails exhibited 
severe surface and subsurface fatigue later in the life cycles, especially in sharp 
curves. In this research, parallel orientation of roughness lay and different surface 
profiles have been investigated as the rail profile passed through several shapes 
during the wear process. The major problem is that there is no intermediate 
surface/damage data available to access in the literature, which only leaves endpoint 
data. This research is also focussed on the collection of intermediate data points 
using the surface replication method to enhance understanding of profile evolution 
with the number of cycles. This kind of study couldn‘t be found elsewhere in the 
literature. 
Wear debris should possess information about the wear mechanisms existing at 
the parent surface. Most of the research is interested in the morphology [7] of the 
particles and its relationship to the wear mechanism. For example, the surface 
roughness of the particle has been compared [8] with the roughness of the parent 
metal surface and it has been concluded that they have direct correlations under 
lubricated conditions.  
In the present work, the wear debris has been collected throughout the twin-
disc tests at predetermined contact cycle intervals. These particles have gone through 
classical morphology analysis as well as cross-sectioning of the particles using the 
Quanta 3D FIB (Focus Ion Beam) milling technique, revealing interesting 
information about the flake-like particle generation mechanism. 
This research flows through the two streams of material characterisation and 
wear mechanism quantification of head-hardened Australian rail steel. These two 
streams are vitally important in analysing damage mechanisms of rail steel. In 2014, 
a constitutive model was developed by Pun et al. [9] to predict ratcheting behaviour 
of Australian heavy haul rail steel. However, this model was developed in 
consideration of premium hypereutectoid rail steel [10], which exhibits uniform 
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hardness distribution. Simply head-hardened rail steel (not premium) exhibits a 
hardness gradient from the surface according to the extent of the heat-affected zone. 
However, similar non-uniform material behaviour can be found in the flashbutt 
welded joints in premium rail steel (found in some heavy haul train lines) where the 
majority of rolling contact fatigue cracks have been observed in the field [11]. The 
cyclic characteristics of such rail steel with the hardening effect couldn‘t be found in 
the literature. Consequently, uniaxial cyclic load tests were conducted to quantify the 
ratcheting behaviour of the head-hardened rail steel. The calibrated material 
parameters were used to analyse plastic strain accumulation of head-hardened rail 
steel. Further development of the numerical model can be used to analyse material 
behaviour of flashbutt welded joints in relation to rolling contact fatigue. 
 Research statement 1.2
―What are the effects of the non-uniform material cyclic characteristics of head-
hardened Australian rail steel on wear and ratcheting response under the conditions 
of rolling contact fatigue?‖ 
 Research objectives 1.3
The aim of this research was to achieve fundamental understanding of the plastic 
accumulation of the head-hardened Australian rail steel used in heavy haul railways. 
This thesis investigated two principal aspects: material behaviour and wear 
mechanism; both of these are critical aspects in ratcheting estimations. Material 
characteristics of the heat-affected zone are identified using uniaxial cyclic load tests 
and the wear mechanism has been studied for distinct surface profile parameters. In 
addition, wear debris were analysed to enhance understanding of the wear 
mechanism. Some specific objectives of the thesis are listed as follows; 
 To conduct uniaxial monotonic, cyclic load tests to investigate ratcheting 
behaviour of the heat-affected zone of head-hardened rail steel head with 
non-uniform hardness distribution. 
 To perform calibration and validation of material parameters in a Chaboche-
Lemaitre combined non-linear isotropic/kinematic hardening material model 
using the uniaxial cyclic load test data, and perform an investigation of the 
ratcheting response using the validated numerical model. 
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 To investigate different surface profile effects on the wear mechanism of the 
rail/wheel contact interface. 
 To analyse wear debris morphology and cross-section to enhance 
understanding of wear and particle generation mechanisms. 
 To strengthen railways field data collection via surface replication to 
investigate surface irregularities and rolling contact fatigue damage. 
 Research approach 1.4
This research has mainly flown through the two main streams; material 
characteristics of head-hardened rail steel and other twin-disc test rig analysis. The 
ratcheting behaviour is studied using a uniaxial cyclic load test and it leads to the 
calibration of material parameters of the Chaboche-Lemaitre material model. Then, 
the material model has been used in finite element model to analyse ratcheting 
behaviour under field conditions. The twin-disc test rig is used to examine different 
surface profile effects on the wear mechanism. Observation leads to further 
investigation of wear particle analysis and surface attribute effects.  All these studies 
have enhanced the understanding of wear and rolling contact fatigue in railways. The 
following chart explicates research flow throughout the thesis. 
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 Thesis outline 1.5
As this document has been submitted in the form of a Thesis by Publication, 
eight chapters of the content are in the form of peer-reviewed and Scopus indexed 
research articles that have already been accepted or submitted for publication. The 
outlines of each chapter are given below. 
Chapter 2 presents a comprehensive literature review of the rolling contact 
fatigue behaviour of the rail material and wear mechanism. In addition, the literature 
review explores wear debris morphology and surface roughness studies to identify 
existing gaps in the research field. Furthermore, investigation has been conducted on 
the methods to determine material cyclic parameters and constitutive models used in 
the literature to predict ratcheting behaviour of materials using the finite element 
methods. Consequently, research gaps have been identified in the research field 
including surface profile and roughness effects on rolling contact fatigue wear 
mechanisms. Lack of studies in ratcheting response on the heat-affected zone of 
head-hardened rail steel can vitally affect the wear limits of the head-hardened rails. 
In Chapter 3, a detailed methodology is presented to help achieve the 
objectives as mentioned earlier and ultimately mitigate the research gaps identified in 
Chapter 2. The procedures of roughness measurements, wear debris analysis, 
determination of material parameters and, finally, development of the numerical 
Research gaps 
Disc curvature effects on rail 
material ratcheting [13] 
Material properties of head-
hardened rail [12] 
Wear debris 
analysis [14,15] 
Initial surface 
attributes [16] 
Material model calibration 
Numerical model 
Evaluation 
Evaluation Evaluation 
Contribution to knowledge of rail RCF 
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model are explained in detail, while novel approaches are also suggested to explore 
the wear mechanisms of heat-treated rail steel. 
Chapter 4 presents ratcheting behaviour of the heat-treated rail head at different 
sampling positions beneath the surface, which is important for comprehensive 
simulation of rail cyclic behaviour [12]. Chapter 2 highlighted the accumulation of 
plastic strain, which is an important factor that contributes to rolling contact fatigue. 
The experimental data highlights the existence of distinct ratcheting characteristics at 
the rail head, according to non-uniform hardness distribution and microstructure. 
Further observations are made on the correlations between hardness distributions, 
microstructure, yielding and inter-lamellae spaces at different depth levels. Besides 
the experimental analysis, Chapter 2 also provides extensive research work that 
elaborates on material parameter calibration to the Chaboche-Lemaitre, non-linear 
kinematic/isotropic hardening material model, through the supporting research work. 
Then, these calibrated parameters are used as a material model in a validated finite 
element model and to investigate the material heterogeneity effect on ratcheting 
response under the field conditions, highlighting the significance of the analyses on 
defining standard wear limits for AS60 head-hardened Australian rail steel. 
Rail material surface profile is subject to alteration during the wear process; 
that resulting diverse Hertzian stress distribution may affect the wear mechanism 
itself. Chapter 5 explores the different surface profile effects on rolling contact 
fatigue and related wear mechanisms of Australian head-hardened rail steel [13]. 
Wear-mode transition has been observed with progression of the cyclic loading and 
the surface features have also been studied in detail. It has been observed that distinct 
surface roughness has resulted in each surface profile that is limited by end points 
surface roughness data. Furthermore, the collected wear debris exhibited different 
morphologies, thus motivating interest and further studies of wear debris. 
The wear particles showed correlation to the parent material surface. The 
particle generation mechanism is an important aspect for the understanding of wear 
and rolling contact fatigue damage. As highlighted in Chapter 2, researchers have 
focused more on the wear debris morphology rather than its generation mechanism. 
The twin-disc test is explained in Chapter 5, highlighting that surface ratcheting 
accumulation leads to surface fatigue and thick oxide wear debris generation. 
Subsequently, Chapter 6 investigates wear debris generation mechanisms and the 
analysis is broken down into two parts: part I explains flake-like particles‘ generation 
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mechanism in the rail/wheel contact interface using cross-sectioned wear debris and 
surface replicas at intervals [14]; part II explores the development of the plastically 
deformed layer using sectioned particles, and hardness of the particles are measured 
using a triboindenter [15]. These studies provide superior insight into the wear 
mechanism as compared to conventional morphology analyses. 
All the above studies are focussed on enhancing understanding of wear and 
rolling contact fatigue in rail material. It is necessary to increase the capacity of field-
wise data recording to trace RCF damage development. Chapter 7 suggests a novel 
approach to trace surface irregularities and RCF development using the surface 
replication method [16]. The surface roughness evolution of the rail disc surface is 
investigated using a twin-disc test rig. The surface replicas have been used to assess 
surface damage by observation of wear rate and 3D surface attributes. Further, this 
method has been applied on in-field replication and revealed extensive information 
about 3D morphology of surface fatigue cracks (e.g. squats, headchecks). Such an 
observation can‘t be obtained using the current techniques such as sectioning of rail 
head, Eddy-current or ultra-sound.  
The final chapter of this thesis, Chapter 8, summarises the findings from each 
of the journal articles, including their significance, the limitations of the study, and 
recommendations for future research. 
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2 Literature Review 
 Introduction 2.1
Comprehensive studies on the rail/wheel interface have been conducted in the 
last decades, flourishing the horizon of contact mechanics, wear and rolling contact 
fatigue through detailed analysis. In this chapter, discussion about relevant studies 
that have been done up to date, shape the current interests of this research. The first 
section has explored current literature on wear mechanisms, ratcheting response in 
rolling contact fatigue, wear debris morphologies and importance of the surface 
profile measurements, by highlighting research gaps and limitations in current 
methodologies. The second section focuses on material characteristics of the rail 
steel and highlights the significance of uniform material properties distribution on the 
ratcheting response. Determination of the material parameters and different material 
models that have been used in material behaviour studies are explained in detail as a 
guide to refine the research methodologies of the next chapter. The next section 
draws more background to the finite element modelling on rail/wheel contact 
interface to determine wear and rolling contact fatigue. It further postulates the twin-
disc test rigs that have been used previously to study the numerous parameters‘ effect 
on rolling contact fatigue and wear mechanism of the rail/wheel contact interface. 
The research gaps and methodologies identified in the literature have been 
summarised in the final section. 
 Rail degradation 2.2
Degradation of rail track is a complex process, as it depends on many factors 
like material properties, curve radius, axle load, train velocity, rail-wheel contact, 
traffic density, wear and rolling contact fatigue. It‘s also restrained by environmental 
conditions, maintenance processes such as preventive grinding, and other factors 
such as train operation (braking, acceleration and lubrication). Most researchers in 
the field focus on the effects of friction, wear, fatigue and lubrication of the dime 
contact zone (roughly 1cm
2
) between the wheel and rail during contact, which help 
reduce track maintenance costs and improve the performance of the railway in areas 
such as train speeds and increased axle loads [1]. The profile of the rail and curves 
also makes a large contribution to track degradation. Rail profiles are distorted 
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mainly due to wear and plastic deformation, but also a common problem is rolling 
contact fatigue. 
To control rail wear and fatigue, corrective and preventive grinding has been 
introduced to the system. It improves the rail life cycle by removing the plastically 
deformed defective layers. However, grinding techniques has used, leave surface 
roughness and waviness at the profile, which may lead to in-depth plastic strain 
accumulation owing to high shear stress distribution. This ultimately can contribute 
to rolling contact failure of the rail steel. Furthermore, this scenario could be 
intensified with non-uniform material distribution due to uneven cooling rate and 
impurities such as Manganese Sulphide (MnS), during the manufacturing process. It 
is therefore important to enhance the understanding of the track degradation in finer 
detail to optimise the railways‘ maintenance strategies and performance.  
2.2.1 Wear mechanism 
Wear occurs by mechanical and/or chemical means and is generally 
accelerated by frictional heat. It is defined as the removal of solid material from the 
rubbing surface [2]. Wear can mainly be observed in three forms: adhesive, abrasive 
and Rolling Contact Fatigue (RCF). The rolling contact fatigue mainly governs by 
the accumulation of the plastic strain, which is called ratcheting response. In the 
rolling, RCF damage can mainly be categorised into two types, depending on the 
location of the crack nucleation site at the rail head, such as surface fatigue where 
cracks initiate due to the ratcheting accumulation at the rail head surface. The rail 
head material removal due to surface fatigue is observed frequently as surface pitting 
and tongue lipping. The plastic strain accumulated at subsurface can nucleate cracks 
underneath the rail surface that the mechanism names as subsurface fatigue. Crack 
nucleation has been explained under several different hypotheses. In 1973, Suh [3, 4] 
introduced the delamination wear theory, which provides reasonable explanation of 
the crack nucleation at subsurface. According to the theory, plastic strain 
accumulation around hard particles (impurities) could lead to nucleate a void at the 
leading edge of the hard particle. These voids can elongate with strain accumulation, 
coherence with other voids and develop subsurface cracks. Manganese sulphide is a 
common impurity in rail steel as it is difficult to remove all trace of sulphur during 
the iron ore purification. Commonly, fully pearlitic microstructure can be observed in 
rail steel; as such, iron carbide can act as a hard grain and the ferrite grains can then 
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accumulate around these carbide grain boundaries. Severe deformation can then lead 
to void nucleation that results in subsurface fatigue in rail steel under certain 
conditions. As a result of the wear mechanisms, wear debris can pop up from the 
rail/wheel interface. These generated particles can be used as measurement of the 
wear mechanism at that stage. Wear particle generation due to delamination and 
surface ratcheting mechanisms has been thoroughly discussed in Chapter 5.  
The plastic accumulation of the rail steel has led to major damage mechanisms in 
railways. Those RCF cracks can result in catastrophic damage in rail material in split 
of a second. In 2000, a catastrophic derailment occurred in Hatfield [5] due rolling 
contact fatigue, costing millions of dollars to Railtrack and the division of Balfour 
Beatty rail companies that maintained the tracks. Moreover, an investigation report 
postulated more than 300 RCF critical cracks were identified in the Hatfield site. 
Since then, more research has been conducted on the RCF cracks initiation and 
propagation at the rail head. Some of the relevant studies are discussed in the next 
sub-section. 
2.2.2 Ratcheting response and rolling contact fatigue  
The rail life is determined by the rail head loss limit, which is a relative 
measurement in the ratio of a worn rail head to the area of a new rail head [7]. The 
rail material is repeatedly loaded as the train bogies pass over the rail. Wheel load is 
transmitted to the rail through the tiny contact area, which is subjected to high 
contact stress. When the maximum contact stress exceeds the limit (yield point) of 
the rail material, this subsequently leads to plastic deformation. There is no rail that 
operates under the elastic limit of the rail steel initially, and as such, the material will 
 
Figure 2-1: Material response to cyclic loading. Reproduced with permission [6] 
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be hardened due to plastic deformation. The material response in a rail/wheel contact 
zone can be any of four types shown in Figure 2-1. Thorough description of these 
zones was provided by Kapoor [8] and Johnson [9]. Zone a) shows perfectly elastic 
behaviour of rail material while zone b) explains the elastic shake down behaviour of 
rail material, where initially, plastic shakedown occurs and then shows steady state 
behaviour (perfectly elastic) due to accumulation of residual stress and hardening of 
the material. Variation of contact stresses will lead to different zones such as zone c), 
where the steady state is an elastic-plastic closed loop with no further strain 
accumulation. Additional plastic deformation for every cycle can be observed in 
zone d), which is known as the ratcheting response of a material, or cyclic creep. 
Tyfour et al. [10] argued that rail steel continues to accumulate the unidirectional 
strain until it reaches a critical value (εc), and then the ductility of the material has 
been exhausted. At this point, the material loses its integrity, which may be 
considered as the initiation of a crack. However, accumulation shouldn‘t be 
unidirectional as most of cracks propagated in rail material were at certain angles per 
rolling direction in 3D space. According to Kapoor [8], the number of cycles to 
failure of the rail material due to ratcheting is defined as 
   
  
   
     √((  )  (  √ )
 
)                                                
 where, critical strain (εc) value is obtained from experiment.     is equivalent 
ratcheting plastic strain per cycle and average ratcheting axial strain (  ) and shear 
strain (  ) per cycle. Kapoor [8] considers this criteria in the failure mechanism of 
low cycle fatigue and ratcheting, only compared this under such conditions. 
 
Figure 2-2: Shear stress distribution during the rolling contact. Reproduced 
with permission [2] 
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In Figure 2-2, where the pure rolling (µ=0), pure sliding (µ, high value), combine 
rolling and sliding (µ, moderate value), ‗z‘ is distance below the surface in vertical 
direction and plastic flow of the material usually occurs at the contact zone of rail 
head, which leads to surface initiated cracks. This fatigue damage mechanism is 
characterised by both low cycle fatigue and ratcheting, well known as rolling contact 
fatigue. Cannon et al. [11] identified only two types of surface initiated crack in rail 
head due to RCF: head checks and squats. These cracks may grow under the 
influence of mechanical loading and trapped fluid. If wear rate is sufficiently high, 
then small initiated cracks will be worn out. Subsurface cracks develop due to the 
repetitive contact loading and localised plastic deformation a few microns under the 
surface. This phenomenon is explained later in this chapter. Rolling contact fatigue 
cracks are described differently in geographic positions of the world. The types of 
cracking also vary with different rail grades, traffic types, vehicle characteristics and 
maintenance regimes. These cracks are commonly observed in sharp rail curves, 
where lateral forces exist between the wheel and rail. It is important to study how 
these cracks are generated during the rolling contact. Hertzian elastic stress analysis 
[2] shows that maximum compressive stress is occurred at the surface, but maximum 
shear stress is taken place a few microns below the surface as shown in Figure 2-2. 
High shear stresses cause plastic deformation, and may result in crack nucleation 
below the surface. These cracks separate regions of metal from the base and 
ultimately become detached and spall out. If cracks grow sufficiently enough to 
emerge at the surface, then wear particles are produced, which may consist of large 
spalls or flakes. 
 
Figure 2-3: Three phases of fatigue crack. Reproduced with permission [6] 
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Generally, fatigue crack life is divided into three phases that cover crack 
initiation to growth. Miller [12] states phases: (i) stage I (shear stress driven initiation 
at the surface), (ii) stage II (transient crack growth behaviour), and (iii) stage III 
(subsequent tensile and/or shear driven crack growth). Rolling contact fatigue 
behaviour was investigated using the twin-disc rail simulator under different contact 
conditions. Ringsberg [6] elaborated these three phases of RCF cracks in rail/wheel 
contact using a micro-photograph (refer Figure 2-3) of sectioned disk specimens used 
in a twin-disc test-rig. It is easy to observe this crack generation at the rail head. 
However, quantifying driving mechanisms of these cracks are nearly inconceivable 
in terms of modelling and simulations. Some of relevant RCF simulation efforts have 
been investigated in the following section. 
2.2.3 Rolling contact fatigue simulation of rail steel 
Ringsberg et al. [6, 13-17] and Kapoor et al. [8, 18-20] have developed many 
theories about rolling contact fatigue failure of pearlitic rail steel. Ringsberg [17] 
investigated the plastic response of pearlitic rail steel (BS11) and crack initiation by 
using a 2D finite element model. Dang Van and Coffin-Manson criteria were used to 
solve the elastic and plastic response. The number of cycles weren‘t sufficient to 
make accurate predictions; also the FE model failed to predict ratcheting failure in 
advance. Then, simulations were conducted by Ringsberg et al. [13] to identify the 
suitable material model to study rolling contact problems. Three elastic-plastic 
material models, namely nonlinear hardening model in ABAQUS [21], nonlinear 
kinematic hardening model proposed by Bower [22] and J-S model [23, 24], were 
evaluated by considering ratcheting rate stress-strain behaviour. Crack initiation was 
also studied with the help of the multi-axial fatigue damage model [8, 25]. Ringsberg 
concluded that the J-S model gave the best elaboration for ratcheting response of the 
material, which was also shown and concluded by Ekh et al. [26]. There are other 
sophisticated material models which can be found in the literature, such as Chaboche 
[27], Ohno and Wang [28] and Bari and Hassan [29].  
RCF crack initiation has been discussed in a 3D FE model [6] under the three 
criteria: equivalent strain approaches, critical plane model, energy density base 
model. However, Ringsberg et al. [6, 13-16] provided no explanation about the 
contact interface and its deformation effects on fatigue crack initiation. 
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Recently, researchers have shown increased interest in rolling contact fatigue 
crack initiation and its propagation [30-37]. Way [37] pointed out that the RCF crack 
won‘t develop under dry conditions. Many researchers disproved Way‘s conclusion 
by elaborating experimental data [6, 32, 34]. Fletcher and Beynon [31] conducted a 
small scale twin-disc test to identify the wear rate and crack growth rate on pearlitic 
steel. The wear rate was calculated using the overall weight loss of discs, as it easy to 
trace material loss of a small disc (Ø 47 mm). Fletcher and Beynon argued that 
surface defects existed after as few as 125 dry contact cycles. These tests drew 
attention to traction coefficient variations under the dry lubricated conditions, which 
revealed rapid change in the traction coefficient that took place during the early 
cycles. Furthermore, they argued its influence on the accumulation of damage and 
crack development during dry contact.  
All these models have their own limitations as the RCF is a very complicated 
mechanism consisting of a combination of several other mechanisms, which makes it 
impossible to estimate and predict accurately. However, different tests and 
simulations certainly improved the understanding of the RCF in detail that will help 
to simplify the problem and provide novel approaches to dissolve complexity. In this 
research, different approaches will be considered to enhance the knowledge of 
rolling contact fatigue in the rail-wheel interface under several conditions, such as 
material inhomogeneity, surface roughness, waviness profile and wear debris. 
2.2.4 Rail surface roughness 
Several studies have revealed that plastic flow of the material occurs when 
the maximum contact pressure exceeds the plastic shake down limit. However, some 
empirical approaches [11, 38] have highlighted that even though rail systems may 
operate in the elastic regime with low traction coefficients (0.01), cross sections of 
the rail showed substantial plastic deformation in the subsurface layer (15-20 µm). In 
2002, Kapoor et al. [18] published a paper in which he explained this phenomenon 
thoroughly. In this research, he explained that rail surfaces are rough at micro scale, 
and higher shear stress levels may occur at 50 µm below the surface due to asperity 
contact, which eventually leads to subsurface crack initiation.  
Real contact occurs at the peaks of the asperities, which represents a fraction 
of the apparent area. High pressure load at the peaks ultimately induces plastic 
deformation at a few microns below the surface due to accumulation of the shear 
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stress/strain, which can lead to the initiation of subsurface cracks. Su [39] developed 
a numerical model to predict the effect of asperity contact under nominal Hertzian 
pressure of 0.95 GPa and predicted the peak pressure to be as high as 8 GPa. Kapoor 
et al [18] conducted a series of twin-disc experiments to show this phenomenon and 
calculated pressure spikes at asperities by applying a maximum pressure of 1 GPa 
under pure rolling contact. Those results are shown in Figure 2-4 
. 
Figure 2-4: Effect of rough surface in normal Hertzian contact pressure. 
Reproduced with permission [18] 
where, (a) Idealization of a rough surface contact. (b) Typical contact pressure 
profile from the idealized model, with the smooth Hertzian equivalent shown for 
comparison. (c) The effect of radius of the asperity tip (ρ*) and wavelength (λ) on the 
peak pressure normalized by the Hertzian maximum contact pressure  
This phenomenon can also be identified in bearing mechanics literature as 
well. Nelias et al. [40] demonstrated the effect of surface dents or roughness on the 
magnitude of maximum shear stress where sliding occurs between contact surfaces. 
They further postulated that failure of rough surfaces can commence near to the 
surface or subsurface, depending on the degree of roughness and contact load 
conditions. In Figure 2-5, the full line represents the Tresca Stress (σ) versus depth 
(z) and the dashed line represents endurance limit of the material and short line and 
arrow corresponds to crack initiation and development. Furthermore, Figure 2-5 
clearly illustrates that low and average contact load can lead to surface and 
subsurface crack initiation in material with rough surfaces.  
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Rail surfaces are ground to reduce contact fatigue failure by eliminating 
surface and subsurface initiated cracks, but rail surfaces are being roughened up to 
some level owing to the grinding process itself. In addition, this process can cause 
the development of residual shear stress and cracks at the subsurface due to shearing 
effects. These effects haven‘t been studied in great detail. It is important to analyse 
and conclude the consequences of their contribution to the damage mechanism. 
According to the literature, neglecting the effects of surface roughness can 
give misleading results in damage analysis. A complete simulation of roughened 
surface contact requires measured profiles and comprehensive analysis of the contact 
region in three dimensions at pre-determined interval. Some novel approaches have 
been discussed in the following section. 
2.2.4.1 Measuring surface roughness 
Generally, roughness of the surface is measured by using a profilometer. 
Scale of measured roughness is critical for specific application. The rail industry is 
only interested in micro and macro-scale surface features, because no literature can 
be found in nano level. Various instruments are available for the surface roughness 
measurement, such as the advance Stylus instrument, Scanning Tunnelling 
Microscopy (STM), Atomic Force Microscopy (AFM) and optical techniques. 
Measurement techniques can be divided into two broad categories, (a) A contact 
type: during the measurement a component of the instrument actually touches the 
surface. (b) A non-contact type: no actual contact with the surface like photo 
techniques. There are other parameters such as normal load, filter, cut-off length and 
sampling length which have to be carefully selected according to the properties of the 
surface. The stylus can be used to measure the surface roughness of the disk 
intermittently during the twin-disc test. But there are some issues due to the 
curvature of the disks, and detachment of the disc resulted change in damage 
mechanism. These issues can be eliminated using surface replication technique. The 
negative replica can be used to measure surface roughness in intermittent periods 
using sophisticated surface profilometer. It can also be used to study and compare 
surface evolution with wear mechanism. This kind of approach hasn‘t been applied 
in the rail industry, although roughness measurements and surface fatigue damage 
analysis will help widen the knowledge of plastic response and surface crack 
initiation.  
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Figure 2-5: Competition between surface and subsurface crack growth for 
different loading and surface roughness. Adapted from [40] 
where, the full line represents the Tresca shear stress σ versus depth z 
(normalized by the Hertzian pressure and the contact half-length, a, respectively). 
The dashed line represents the characteristic shear stress below which no crack 
initiation (straight lines) and propagation (arrow headed lines) will occur. 
2.2.4.2 Surface replication technique 
The surface replication technique is used in non-destructive metallographic analysis 
of surface topography such as microstructure analysis, surface damage, crack 
analysis in axles and strengthening rolls and gas turbine blades. The surface replica 
can be used to trace the smallest variation in surface topography [41]. Another 
advantage of the replica is the ability to take an impression at any time and preserve 
data for future references. The only drawback of the replication method is that the 
material tends to shrink while curing, which can cause dimensional inaccuracy [42]. 
However, by adopting the correct replication procedure can minimise such errors. 
Several manufacturers are available and RepliSet-F5 material is used in this research 
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from Struers. This system is made of fast-curing, two-part silicone rubber and these 
replicas can be examined through a light microscope and Scanning Electron 
Microscope (SEM) to identify surface cracks and other surface damage. Silicone 
rubber exhibits high resolution of 0.1 µm, ensuring that minor surface deviations can 
be observed, which makes it ideal for a rail crack investigation particularly in on-site 
facilities investigation. Zuljan et al. [43] confirmed that this technique is efficient in. 
So, this surface replication technique can also be adopted during a twin-disc test, 
without detaching the disk from its mounts. Zuljan was able to identify the surface 
damage of the axle (refer Figure 2-6 & Figure 2-7). He argued that topographical 
analysis of the surface can be accomplished efficiently with various contact and 
contactless measuring techniques, and that these replicas are suitable for 3D 
topographical analysis by using SEM. 
  
(a) (b) 50:1 
Figure 2-7: (a) Image axle with crack and (b) location of replication. Reproduced 
with permission [43] 
  
(a)50:1 (b) 50:1 
Figure 2-6: Representation of crack by means of replica made, (a) with exposure 
in dark field and (b) replica of surface pits with illumination in dark 
field with optical microscope. Reproduced with permission [43] 
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In 2013, Altintas et al. [44] demonstrated a surface roughness measurement 
technique for inaccessible surfaces by using RepliSet. He claimed that this approach 
is practical for making a reliable and rapid surface roughness measurement of the 
surface. In addition, he demonstrated that a surface roughness error of 0.1 µm arises 
due to material and method defects. Production of a quality replica is important and 
the standard procedure can be found in the product manual as well as in the literature 
[43-45]. According to this literature, surface replication can be used in a twin-disc 
test effectively to measure the surface roughness evolution as well as the surface 
crack fatigue initiation.  
2.2.5 Wear debris  
During the rail/wheel contact, the particles will be generated in relation to 
time and loading. The size and shape of debris may depend on several factors, such 
as lubrication of interface, wear mechanism, foreign particles in a contact zone etc. 
Bhushan [2] has explained how particle analysis widens knowledge of the wear 
mechanism. A mild wear is characterised by finely divided wear particles (0.01 µm) 
 
Figure 2-8: Gallery of wear particles. Reproduced with permission [46]. 
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and severe wear, in contrast, develops large sized particles, typically between 20 µm 
to 200 µm. Several instruments are available to analyse particle shape and size such 
as SEM, X-rays etc. Plate-shaped particles may occur due to repeated loading and 
unloading fatigue as a result of nucleation and propagation of sub-surface cracks. 
The ribbon-shaped particle may be produced as a result of plastic deformation or 
abrasive wear due to sharp asperities or abrasive particles digging into the mating 
surface. Spherical particles are not common, however according to some researchers, 
spherical particles will generate inside the crack path due to repetitive loading. 
Wang et al. [47] proposed an algorithm for image analysis, which can be used 
to identify particles morphology. He claimed that the correct discrimination between 
the most similar particles, severe sliding and fatigue particles, can be obtained from 
this algorithm. Raadnui [46] pointed out the current literature available in the 
analysis of wear debris. Most of the wear particle types that can be found in the 
literature are shown in Figure 2-8. Moreover, Wickramasinghe [48] explained 
particle generation during twin-disc tests and claims that the generated particles as 
shown in Figure 2-9, are due to rolling contact fatigue. But there is no consistent data 
or analysis that can be found to elaborate the hypothesis. The relationship between 
rail wear and generated particle morphology hasn‘t been studied widely to date, as 
there is limited experimental data available for analysis. 
According to the above literature, wear particle generation is highly reliant on 
the wear mechanisms. Proper reverse engineered analysis of the wear particle can be 
a useful tool for the predicting wear mechanism on the surface at certain stages. 
Some researchers have investigated the relationship between surface topography and 
   
Figure 2-9: SEM images of wear particles at 200 times magnification for 
different samples. Reproduced  with permission [48] 
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particle morphology. Yuan [49] investigated the particle roughness generated at 
sliding contact intervals and compared them with surface roughness, where he 
suspected particles would generate. He observed that there was direct correlation 
between surface roughness and the lamellae particle surface roughness, under 
lubricated, siding wear process. However, very few studies have been conducted on 
analysing the wear debris and generation mechanism especially on rail/wheel contact 
interfaces.   
In Australian railways, the commonly used standard is AS1085.1 head-
hardened rail steel. However, some rail companies, such as BHP, use premium rails 
called Nippon rails, which are used in mining rail infrastructure, where higher axles-
load is favoured. The properties of the rail steel also varied based on the 
manufacturing process, such as different cooling techniques and material non-
uniformity. So the rail-wheel contact simulations need to companion with these 
variations in the material. Most researchers used their own material model in their 
simulations, which relies on calibration of the material parameters. Material models 
will be discussed under the Section 2.3. 
 Material behaviour and modelling  2.3
2.3.1 Cyclic load test for rail steel 
Different positions of the rail are subjected to varying stress and strain 
conditions. Material parameters can be obtained through stress and strain controlled 
tests, which have used in material modelling. Ultimately, this helps to refine 
predictions on ratcheting response at the rail/wheel contact interface. Most 
researchers have investigated fatigue life and hardening and softening effects of 
material under mean stress, amplitudes and preloading conditions. Kang et al. [50] 
investigated the cyclic behaviour of rail steel (U71Mn) under different conditions 
and identified that U71Mn steel exhibited cyclic hardening and softening, and argued 
that the material behaviour can be considered as cyclically stable in constitutive 
modelling. In 2004, Ahlstrom et al. [51] published a paper by explaining fatigue 
behaviour of the rail steel (UIC grade 900A) under uniaxial stress and strain control 
testing. Different stress and strain amplitudes were used and it was concluded that 
softening takes place during the initial part of lifetime under low strain amplitudes.  
When materials feature cyclic hardening, decay of the ratcheting strain rate 
can be observed [52-55]. If the loading level is relatively small, then the ratcheting 
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rate becomes very small after a certain number of cycles. If the loading level is high 
enough, then ratcheting strain continues in each load cycle. If the strain exhausts the 
ductility of the material, then the material will fail at the localised point [8]. In 2013, 
Pun et al. [56] performed an experimental study of the cyclic deformation 
characteristics and ratcheting behaviour of hypereutectoid high strength rail steel that 
is used in Australian heavy haul industry. They conducted tests on a 68 kg/m 
premium rail sample that had uniform hardness distribution; this study was also 
limited for a low number of cycles (100). However, he discovered that kinematic 
hardening is dominant in ratcheting of the material and hysteresis loops were not 
fully saturated in the strain controlled test. Finally, he managed to develop a material 
model using uniaxial and biaxial experiment data. Table 2-1 elaborates the summary 
of literature for different materials and methods for cyclic ratcheting response of the 
steel. 
Table 2-1: Summary of cyclic load tests  
Reference Material Method Parameters 
Kang et 
al. [52] 
U71Mn 
Gauge Length 25 mm 
Gauge Area 78.5 mm
2 
Machine MTS 809 
Zero mean strain 
Loading rates 51 MPa/s 
Strain rates 2*10
-3 
/s 
Strain amplitudes 0.6% 
Stress amplitudes 449 MPa, 359 
MPa 
Young modulus 214.4 GPa 
Yield point 492.5 MPa 
Ahlstrom  
et al. [51] 
UIC 
Grade 
900A 
Gauge Length 15 mm 
Gauge Area 19.6 mm
2 
Machine Instron 8501 
Loading rates –no record 
Strain rates 1*10
-3 
/s 
Strain amplitudes  0.4%, 0.6%, 
1.0% 
Stress amplitudes 446, 457, 625 
MPa,  
Kang et 
al. [57] 
SS304 
Gauge Length 30 mm 
Gauge Area 78.5 mm
2 
Machine MTS 809 
(250 kN) 
Mean stress 80MPa, 65 
Loading rates 260 MPa/s 
Strain rates 2*10
-3 
/s 
Strain amplitudes 0.5%, 0.8% 
Stress amplitudes 260 MPa, 
325MPa 
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MPa Yield point 260 MPa 
Pun et al. 
[56] 
AS1085 
Gauge Length 30 mm 
Gauge Area 201 mm
2 
Machine MTS 809 
(250 kN) 
Mean stress: 
100 MPa, 200 MPa 
Loading rates 200 MPa/s 
Strain rates 2*10
-3
/s 
Strain amplitudes 0.8% 
Stress amplitudes 800 MPa, 900 
MPa 
Young modulus 212 GPa 
Yield point 910 MPa 
Yang [58]  
Carbon 
steel 45 
(1045) 
Gauge Length 30 mm 
Gauge Area 19.6 mm
2 
Machine: Servo-
hydraulic 25kN/200 
Nm 
Loading rates 200 MPa/s 
Strain rates 3.2*10
-3
/s, 2*10
-4
/s 
Strain amplitudes 0.5,0.7, 0.8, 1% 
Stress amplitudes 
407,432,485,356 MPa 
 
Mean stress: 
40,65,91,152 MPa 
Mean strain 8%, 16% 
Young modulus 210 GPa 
Yield point 602 MPa 
2.3.2 Material non-uniformity of the rail steel 
High strength, head-hardened rail steels were developed as a solution for 
controlled high wear rate and improved the wear performance of the heavy haul rail 
industry in the 1990s. However, the heat-treated material surface has led to an 
accumulation of plastic strain and development of a hardened layer, which may cause 
RCF damage. Preventive and corrective grinding has been introduced to maintain 
proper rail/wheel contact by removing the defective layer [59]. Head-hardened 
Australian rail steel specifications are capped under the standard of AS1085.1 [60]. 
However, quality of the material depends on the manufacturing process, as 
highlighted in previous sections. In general, rail steel forges through a hot rolling 
process and hardness improves using an induction hardening process and quench, 
using compressed air to control the cooling process. Imperfection in the cooling 
process would lead to non-uniform hardness distribution over the rail head. Of 
course, these rail steels have managed to maintain standard specifications. Further, 
manganese sulphide can form in the rail head depending on the sulphur and alloy 
elements in which contributes to major defects. The premium rails are consistent in 
hardness distribution and are free from impurities. Pun‘s et al. [56] investigated the 
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cyclic parameter of the premium rail steel used in the Australian heavy haul train 
line. There is, however, still a lack of studies on the cyclic characteristics of head-
hardened rail steel with non-uniform hardness distribution. Peter [61] highlighted 
that similar non-uniform hardness distribution existed on the heat affected zone of 
the flashbutt welding, where major fatigue damage was observed in the field. 
Investigations of cyclic parameters at the heat affected zones are vital in some 
applications 
2.3.3 Material models 
A considerable amount of literature has been published on metal plasticity. 
These studies deal with the nonlinear stress-strain response of materials. As 
discussed in an earlier section, the rail/wheel material undergoes cyclic plasticity due 
to higher loading and unloading conditions and this plastic deformation is 
unavoidable. Cyclic plasticity theories are constantly evolving with modifications to 
make better predictions of material behaviour. In 2008, Jiang et al. [62] published a 
paper by reviewing cyclic plasticity modelling. Since then, the theories behind the 
cyclic response have been modified considerably with the work of Dafalias et al. [63, 
64], Feigenbaum et al. [65, 66], Chaboche et al. [67], and Hassan et al. [68]. 
Typically, cyclic plasticity is characterised by the Baushinger effect, cyclic 
hardening/softening, strain range effects, non-proportional hardening and strain 
ratcheting. A mathematical explanation of the stress-strain response of material is 
 
Figure 2-10: (a) Visual representation of isotropic hardening and (b) visual 
representation of kinematic hardening 
𝜎𝑥 
Initial Yield 
surface 
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called a plastic model or constitutive equation, which may be classified under the 
categories of perfectly plastic, isotropic hardening and kinematic hardening. The 
perfectly plastic model assumes that deformation is infinite after yielding of the 
material. Such cases are rare in reality. Isotopic hardening and kinematic hardening 
models describe the hardening effect when the material is deformed cyclically. These 
models can be represented by the change of the yield surface. The difference 
between kinematic and isotropic hardening is visually represented in Figure 2-10. 
Ratcheting is a very difficult phenomenon to predict, as a single error in 
prediction of one cycle of strain accumulation can result poor prediction in all cycles. 
Many researchers have attempted to develop new and refined models [79] to increase 
predictability of ratcheting response. Extended empirical research has been 
conducted under the theme of uniaxial ratcheting, biaxial ratcheting and ratcheting 
experiments with complex load paths. The literature was thoroughly discussed in 
Dugdale‘s [69] thesis.  
A uniaxial and biaxial kinematic hardening effect on ratcheting was modelled 
by using multiplicative Armstrong Fredric model [63, 64]. Feigenbaum [66] noticed 
that there is little deviation in the shape of the yield surface and argued that 
accumulated deviation in the yield surface can result faulty predictions in multiaxial 
ratcheting. In recent years, three ratcheting models have drawn attention from 
researchers in the rolling contact research field due to reliable prediction capabilities. 
They are the modified Chaboche model (CH3) [67], JS model [24] and multiplicative 
Armstrong Fredric model (MAF) [64]. Constitutive equations are tabulated in Table 
2-2. 
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Nomenclature 
F Von Mises yield function 
S Stress tensor in deviatoric space 
α, X Deviatoric backstress tensor 
K Shear yield of material 
K initial size 
J invariant function in stress space 
R,  ̃ 
size change of the elastic domain by isotropic 
hardening 
dεp Plastic strain increment tensor 
N Unit normal to yield surface at current stress state 
λ,  ̇ Plastic multiplier 
 ̇ Stress rate 
Kp,, h Plastic modulus 
 ( ) ( ) Additive decomposition on the backstress tensor 
    
 ,                    Material parameters 
x,m Constants 
  
  
 Yield surface gradient 
   Saturation value backstress tensor 
   Unit normal in the direction of the backstress tensor 
 ̇  Plastic strain rate tensor 
 ( ( )) threshold effect 
 ̇ Accumulated plastic strain increment 
 ( ) 
coupling effect with isotropic hardening (Marquis‘s 
function) 
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These three models were used in predicting ratcheting behaviour in different case 
studies. In 2012, the JS model was used as a material model for rolling contact 
fatigue damage simulation [54]. Dafalias et al. [64] modelled inelastic behaviour of 
Aluminium Alloy 7050 by considering MAF as the material representation in 2013. 
Chaboche [67] introduced a modified model (CH3), which has the capability to 
predict cyclic response of material for each cycle. In 2013, Chen et al. [70] 
successfully used this CH3 model to predict ratcheting behaviour in cyclically 
pressurised pipes. According to the literature, these three models were able to made 
better predictions and were implemented successfully in different case studies. The 
recent developments of MAF and CH3 models haven‘t been used as material models 
in rail/wheel contact simulations. However, a sophisticated Chaboche material model 
with isotropic/kinematic hardening in ABAQUS [71] built-in material model can be 
used in numerical analysis with proper calibration of material parameters with 
experimental data as a preliminary step towards developing an advanced model 
 Rail/wheel contact modelling and twin-disc rail simulator 2.4
Different modelling techniques have been used to model the rail/wheel 
interface during recent decades. Ringsberg et al. [13, 17], Franklin et al. [33, 34], 
Kapoor et al. [19], Fletcher et al. [32, 72] and Canadinc et al. [30] have contributed 
towards enhancing knowledge of rolling contact fatigue behaviour in rail/wheel 
contact interface. The brick model [46] was able to predict wear and crack initiation 
by using microstructural models. The accumulated ratcheting strain limit was 
considered as the measure of material integrity where material ductility is exhausted. 
The same theoretical concept can be seen in other research [26, 30, 32]. 
2.4.1 ANSYS and ABAQUS finite element models 
A considerable amount of attempts have been made to develop a Finite 
Element (FE) modelling of the rail/wheel contact interface using ANSYS and 
ABAQUS software. Ringsberg et al. [13] proposed a method to simulate a twin-disc 
test through a 2D elastic-plastic finite element using ABAQUS V5.7. In this 
simulation, the Chaboche model was used as a material representation and the effects 
of creep and changes in contact area were neglected. In the model results, the number 
of cycles needed to fatigue by crack initiation was well aligned with Kapoor‘s work 
[8]. The 3D contact modelling in rail/wheel is considered to be difficult due to the 
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complexity of the stress behaviour, but some researchers [73-75] have been able to 
develop and predict the three-dimensional contact space.  
Generally, FE modelling includes the following steps: defining the rail-wheel 
geometry, material model, boundary conditions, loading conditions, friction 
coefficient and running conditions. Arslan et al. [75] developed a 3D FE model that 
is meshed with SOLID45 8-node hex elements (strain), 10 tonnes-per-wheel loading 
and a friction coefficient of 0.3, which were applied. Furthermore, they used a bi-
linear kinematic hardening elastic-plastic model as a material model and Von Mises 
stress and equivalent plastic strain (PEEQ) response were studied (Figure 2-11) 
during the analysis.  
 
 
Figure 2-11: (a) Von Mises stress distribution & (b) equivalent plastic strain. 
Reproduced with permission [75] 
Recent research [76-78] has shown that material behaviour and loading 
conditions have been defined by using UMAT (user define material model for 
ABAQUS/Standards) or VMAT- (user define material model for ABAQUS/Explicit) 
and D OAD (to deﬁne non-uniform, distributed mechanical loading 
ABAQUS/Standards) subroutines in ABAQUS. Tassini et al. [79] demonstrated a 
method to define the rail/wheel contact interface using two different models. The 
global contact model was explained using Hertzian theory and the local contact 
model was based on the simplified theory (FASTSIM), proposed by Kalker [80]. A 
reference to the same literature can be found in the research of Wen et al. [77]. They 
defined normal and tangential contact distributions using Kalker‘s complete contact 
theory [81] based on contact location, geometry, forces and creep. According to the 
above literature, the rail/wheel contact area is not limited to a circular or an elliptical 
contact area. As shown in Figure 2-12, the researchers used a fine mesh in the area of 
a) 
b) 
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interest, while using a coarse mesh in other regions to save computational cost. 
Telliskivi et al. [82] studied two-point contacts as in the practical scenario of 
rail/wheel contact, while others studied just the rail-head contact. All these studies 
have enhanced the predictability of FE models. 
 
 
Figure 2-12: Fine mesh and coarse mesh in rail profile. Reproduced with 
permission [76, 77]  
To date, various methods have been developed and introduced to measure rail 
wear and rolling contact crack initiation. Rail wear (material loss) was calculated by 
using the Archard‘s wear law [82, 83] and USFD (University of Shefﬁeld wear law) 
[79, 84] algorithm. But Vuong et al. [85] used his own algorithm to calculate the 
wear rate. All these studies are based on creep (slip), load factor (p0/k, where p0 is 
Hertzian contact pressure and k is a yield of simple shear stress), friction (or traction) 
coefficient, wear coefficient and hardness of the material. Rolling contact fatigue 
behaviour was studied based on different criteria like plastic strain or strain that is 
energy based. Ringsberg explained two crack initiation phenomena - ratcheting and 
Low Cycle fatigue (LCF) - and treated them as independent and completive modes 
for fatigue crack initiation. Ratcheting crack initiation was based on Kapoor‘s [8] 
criterion (explained in RCF section) and LCF based on the Smith-Watson-Topper 
(SWT) [86], which is an energy-based approach. He argued that LCF is dominant in 
crack initiation in rail/wheel contact rather than ratcheting. The residual shear stress 
accumulation according to depth had been studied in order to understand and predict 
subsurface plastic flow of rail material, as shown in Figure 2-13. However, more 
a) 
b) 
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literature can be found on ratcheting-based crack initiation and thorough studies can 
be conducted using sophisticated numerical software.  
  
 
 
Figure 2-13: Development of residual shear strains. Reproduced with permission 
[77, 78] 
2.4.2 Twin-disc rail simulator 
Generally, simulation models are validated against twin-disc rail rig or test 
rig experimental data, such as wear rate, creep, rolling contact fatigue cracks etc. 
Different types of rail rigs are available to conduct experiments on various aspects. 
Matsumoto et al. [87] conducted tests to identify the creep force characteristics at the 
rail/wheel interface using an Amsler machine under computer control. A SUROS 
twin-disc machine developed by Fletcher [88] is widely used by European rail 
researchers in rolling contact fatigue and wear experiments. A schematic diagram of 
this machine is shown in Figure 2-14. It uses relatively small test samples 
(approximate Ø 47 mm), which are obtained from the original rail sample. Due to the 
modest size of the sample, Kapoor et al. [8, 20] was able to trace wear rate using 
material loss per cycle. Another test system has been used in rail/wheel experiments 
known as LEROS [89, 90], which bears the same characteristics as SUROS. The 
operation of each machine is explained in the respective references. Wilson [91] and 
Wickramasinghe [48] used a large scale test rig (developed by BHP) in their 
experiments. Wilson conducted lubrication tests, while Wickramasinghe studied the 
wear rate in rail-wheel contacts using a 150 mm diameter rail sample and a 250 mm 
diameter wheel sample, which are both relatively large. The same machine will be 
used in this research to acquire relevant data.  
a) b) 
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Generally, all these test rigs have the similar functionality in terms of scale 
and load applying means. SUROS and LEROS use hydraulic means to apply load 
between contact interfaces while the BHP machine used pneumatic actuation. 
Researchers have used twin-disc test rigs to measure several parameters such as 
torque, and rpm of the disks to calculate slip, contact load (or pressure), mass loss (or 
diameter variation) to calculate wear rate, macroscopic inspection to identify surface 
and subsurface initiated cracks etc. The calculated parameters can be used to validate 
rail/wheel simulation models to improve the reliability of their predictions. 
 
Figure 2-14: Schematic SUROS test of the machine and closed loop control 
system. Reproduced with permission [92] 
 Research gaps and summary of literature 2.5
According to the literature reviewed so far, the importance of rolling contact 
fatigue behaviour of the rail/wheel interface and how much it costs for the rail 
maintenance engineers has been clearly identified. The research gaps were 
highlighted in previous studies as no recorded data can be found on profile 
evaluation in the rail/wheel contact interface in either of the twin-disc tests or the 
field data. According to Kapoor and Franklin‘s research, these are very important 
factors that cause the plastic flow of rail. The novel approach has suggested to 
measure surface modification, surface crack initiation and development at the rail 
surface using the surface replication method. In addition, the literature has identified 
most of researcher‘s focus on the particle morphology rather than its mechanics. It 
has been suggested that proper comprehensive analysis of the particles at distinct 
intervals, reveals significant information about wear mechanisms and generation of 
particles. 
The considerable amount of research has been done to identify rolling contact 
fatigue damage on European, Chinese and American rails, but not on Australian rails. 
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It is noticeable that field-wise data and other material parameters of Australian rail 
aren‘t available in the open literature. Some researchers have identified that refining 
pearlitic microstructure resulted in more controlled ratcheting, however these 
microstructures are evident on premium rail steel. Thus, the same predictions 
couldn‘t be expected from every rail manufacturers as they were limited with 
facilities and advance, expensive methodology. The literature review further 
postulates that there is a lack of research on the rail material parameters of Australian 
rail. This is a vital necessity in simulation of the rail/wheel interface. Non-uniform 
material distribution at the rail head could be resulted due to imperfection in 
manufacturing processes. There is a lack of literature on such non-uniformity effects 
on the cyclic material parameters. Some researchers have identified the importance 
of cyclic parameters of the heat affected zone on rolling contact fatigue damage 
identification. All of this background helps to develop novel methodologies to 
approach identified research gaps wisely. Previous cyclic load test parameters were 
investigated in order to support initial dimensional estimation of the test coupon 
design and sampling position at the rail head. The latest material modelling 
techniques have been highlighted and show the best interest in this research towards 
the material modelling that is using the MAF modelling technique. It is a time 
consuming, iterative process to develop a new material model to simulate material 
behaviour of the rail steel on a finite element model under the time frame. However, 
material model parameters can be calibrated to existing in-built models like the 
Chaboche model in ABAQUS to simulate non-uniform material behaviour. 
In section 2.4, current simulation techniques were discussed, in which 
interface, and rail/wheel interface and currently available models ANSYS and 
ABAQUS were highlighted; most interest was shown in ABAQUS software 
depending on resource and technical support availability. The finite element model is 
identified, which can be used in studies on non-uniform behaviour of the heat-treated 
rail steel under different loading conditions. Furthermore, existing twin-disc test 
apparatus were discussed in detail with their applications. Finally, the literature 
review has critically analysed relevant background to the current interest of this 
research. These identified gaps will be satisfied with proper methodology and 
simulation in order to enhance understanding of the wear and rolling contact fatigue 
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mechanism of the head-hardened Australian rail steel. The proposed research 
methodology will be discussed in the next chapter. 
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3 Research Design 
This chapter highlights methodologies that have been developed to satisfy the 
objectives by filling various identified research gaps. The chapter is broken down 
into sub-sections such as: material properties of rail steel, cyclic load test, material 
model calibration, numerical model, twin-disc test rig, instruments and limitations of 
the study. Initially, material properties have been investigated to understand the 
material inhomogeneity of the heat-affected zone in head-hardened rail steel. 
According to non-uniform hardness distributions, cyclic test coupons at selected 
positions in the rail head were obtained and used to perform stress- and strain-
controlled tests to characterise ratcheting behaviour of the rail steel. Then, 
experimental data was used to calibrate material parameters of the Chaboche non-
linear isotropic and kinematic hardening model. Finally, these material parameters 
were used in the ABAQUS numerical model to identify non-uniform behaviour of 
the rail steel under normal operational conditions. A twin-disc test rig was used to 
assess the initial surface profile conditions on rolling contact fatigue damage and 
extensive data has been recorded to analyse the wear mechanism at discrete intervals 
to enhance the understanding of the wear and rolling contact fatigue of Australian 
rail steel. 
 Material properties of rail steel 3.1
3.1.1  Hardness measurement of the rail head and cyclic test coupon 
levels 
Hardness of the rail head at each sampling depth was measured using a micro 
Vickers hardness tester (Matsuzawa MXT70) as illustrated in Figure 3-1. All the 
sample preparation and measurements (HV100) were recorded according to ASTM 
E384 [1] standards. Initially, hardness of the rail head was recorded and non-uniform 
hardness distribution from surface to wedge was observed. Further hardness tests 
were conducted on the cyclic load test coupons to better understand the yield surface 
variation. Each depth level has two samples in the longitudinal direction to consider 
uniformity of material with varying depth. The ASTM E122-72 [2] standard is 
followed to determine the sample size of each test coupon in order to obtain a high 
confidence mean hardness for the depth level. Finally, mean hardness for the sample 
is estimated with a 95% confidence level. 
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Figure 3-1: a) Mirror-like surface preparation of the rail head for micro-hardness test 
and b) micro-hardness measurement using Matsuzawa MXT70 
3.1.2 Microstructure of head-hardened rail steel (60 kg/m) 
 
Figure 3-2: Sampling positions at rail head and image direction for microstructural 
investigation 
The microstructure of the material can strongly influence physical properties 
such as hardness, strength, ductility, etc. Pearlitic microstructure [3] is commonly 
observed in rail steel. However, pearlite structure with lower inter-lamellae spacing 
is renowned for its higher wear performance. Mutton and Pun [4] described 
hypoeutectic premium rail steel microstructure that is used in Australian heavy haul 
infrastructure, which has uniform microstructure in the rail head. It is important to 
identify the microstructure of the rail that is going to be subjected to cyclic load  
Longitudinal view 
Transverse view 
Side view 
32 mm 
 
b) 
a) 
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Rail surface transverse direction Rail surface longitudinal direction 
  
In-depth sample transverse direction In-depth sample longitudinal direction 
  
Standard sample transverse direction Standard sample longitudinal direction 
Figure 3-3: Metallography of rail steel samples at cetrain depth level 
ratcheting test. Microstructure was observed at the standard sampling position. 
Moreover, another two samples were taken: close to the rail surface and at 32 mm 
depth from the railhead surface, as pointed out in Figure 3-2. This was decided based 
on variation in micro-hardness values highlighted in Section 3.1.1. Then, samples 
were polished and etched (3% nital etchant). For each sampling point, the transverse 
and longitudinal micrographs were obtained using a Leica M125 metallographic 
microscope. Three different microstructures were discovered in the samples (refer to 
Figure 3-3). Comprehensive studies were carried out to quantify the lamellae spacing 
b) a) 
c) d) 
f) e) 
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of the microstructure and its effects on mechanical properties, as explored in Chapter 
7. 
 Cyclic load test design 3.2
The cyclic load experiment can be used to study ratcheting and hardening 
response of the material that will ultimately assist in the calibration of material model 
parameters used in the numerical model. Most of the cyclic load tests in the literature 
[4-7] used cylindrical test coupons to control buckling effect in compression 
segments. However, according to hardness distribution data, considerable variation 
exists across the rail head section. For example, the induction-hardened rail 
(AS1085.1) shows high hardness (400-430 HV100) up to 4 mm into the rail head‘s 
surface where heat affects the zone during the induction hardening process, but then 
drops considerably beyond that. Given that cyclic test coupons 10 mm in diameter (5 
mm diameter at the gauge area) are usually taken from the rail sample, there is a high 
probability that the original surface properties of the rail do not apply across the 
entire test coupon and therefore data representing just the average material properties 
are obtained. 
In this analysis, rectangular shape specimens have been used in the analysis 
as a novel approach to identify cyclic parameters of heat affected zones. Design of 
the rectangular shape specimen for cyclic load test is difficult as they are prone to 
buckling in compression. This kind of specimen has rarely/never been used before 
for cyclic load testing on rail steel. After numerous trials, the test coupons were thus 
designed according to ASTM standard [8, 9] and finally, the test coupon design is 
derived with a low slenderness ratio as shown in Figure 3-4. In addition, the knife-
edge extensometer can reliably maintain solid contact with the specimen throughout 
Table 3-1: Chemical composition of AS1085.1 rail steel 
Element Composition 
C 0.7 % - 0.82% 
Mn 0.7% - 1.1% 
P 0.04% 
S 0.04% 
Si 0.1% – 0.35% 
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the tests. This solid contact (without slip) is responsible for the accuracy of the 
extensometer readings and reduces safety hazards in strain controlled tests. 
3.2.1  Test coupon preparation 
Initially, two sample sets were made using AS1040 (4 specimens) and 
AS1035 (8 specimens) for preliminary tests, to confirm the MTS 810 cyclic load test 
procedures. The test coupons‘ manufacturing process was costly and time consuming 
due to the hardness and bulkiness of the material. The tested rail specimen was 
obtained from 60 kg/m rail bars and the material has AS1085.1 standards; the 
chemical composition of the specimen is given in Table 3-1. The microstructure of 
the Australian rail was known to be of a hypoeutectoid steel structure due to its high 
carbon content (refer to section 3.1.2). Generally it has been widely accepted that this 
type of microstructure is responsible for high hardness and higher wear resistance, 
which will ultimately reduce maintenance costs of railways while expanding axle 
load bearing capacity. Sampling position and hardness variation towards the depth 
(refer Chapter 7) was measured using a micro hardness tester. The measurements 
highlighted that hardness reduces from the head to wedge while giving random 
variation of hardness due to microstructural variation (see Section 4.3). Four samples 
were obtained from the rail block (refer Figure 3-5) and the CAD drawing shows the 
position where each sample was obtained. Each sample was ground and polished to a 
mirror-like surface, free from scratches (Figure 3-5). This was conducted to prevent 
the crack initiation and premature failure due to surface defects. 
 
Figure 3-4: Rectangular test coupon dimension 
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Figure 3-5: Specimens directly obtain from the 60 kg/m rail block a) after contour 
milling operation and b) ground finished test coupon 
3.2.2 Fatigue tests 
The uniaxial cyclic load tests were performed according to ASTM standards [8, 9] 
and using a test setup as shown in Figure 3-6. The material parameters, like yield 
point, ultimate tensile stress and total elongation, were obtained using uniaxial tensile 
tests, because these parameters are critical to the design of an MTS cyclic load test 
procedure. 
  
Figure 3-6: a) Cyclic load test setup and b) MTS 810 software interface 
Initial force control test procedure for the rail steel was conducted on the 
level 3 test coupon. The mean stress (90 MPa) and stress amplitude (530 MPa) were 
used as test conditions and results are shown in Figure 3-7. According to the results, 
rail steel exhibits hardening behaviour. The data acquisition system generates four 
distinct files that contain whole cyclic load test data, peak and valley data, first 50-
cycle data and 25-cycle interval data, to be employed in the material parameter 
calibration process. 
After confirming test procedure and data acquisition, test conditions were 
designed to obtain material parameters. In order to characterise the heat-affected 
a) b) 
b) 
a) 
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level of the rail steel, force-control tests were performed using the MTS 810 with 
Test Star II® control system, in accordance with standard ASTM E466 [15]. All test 
coupons were subjected to the same uniaxial force-controlled test by keeping the 
force amplitude and mean constant in order to study the ratcheting and fatigue 
behaviour of each test coupon. 
 
Figure 3-7: Force control test for rail steel sample 1_3 
The uniaxial cyclic force-controlled test method used a triangular waveform 
and the axial load was controlled by means of load-cell feedback. During each test, 
the axial load rate was set to the 8.5 kN/s that is equivalent to a stress rate of 140 
MPa/s. A mean stress of 83 MPa and stress amplitude of 694 MPa was used. Cyclic 
loading was carried out until stabilisation of the ratcheting cycle or reaching the 
critical strain level (0.1). The same ratcheting test was performed to each level test 
coupons to evaluate ratcheting response. 
A triangular wave was used as an input function for the uniaxial strain-
controlled tests and slower strain rate in order to control buckling and impulse on the 
test coupon. During the tests, strain half amplitudes (εa/2) of 0.5%, 1.0% and 1.5% 
were used with mean strain amplitude (εm) of 0%, 0.5% and 1.0%. Identical strain 
controlled tests were conducted for each level with 0.0005 /s, strain rate. 
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 Material model calibration 3.3
3.3.1 Material model 
In the literature review, different material models were suggested to achieve 
better numerical results. However, these models need to be calibrated with different 
test conditions which make it difficult under the scope of the thesis and with limited 
resource availability. Further, these models should develop as UMAT (User material 
model) subroutine to include numerical modelling in ABAQUS/Standard, which 
consumes considerable time laps. However, ABAQUS 6.133 [10] has a built in 
Chaboche material model with non-linear combined isotropic and kinematic 
hardening that has been extensively used in previous modelling of rail steel 
ratcheting responses. This model can be utilised as a ratcheting prediction model 
with proper calibrations. 
 
Figure 3-8: MCalibration software interface 
 
Experimental Load 
Case definition 
Fitting Process 
Material Model 
Optimization 
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3.3.2 Material parameter optimization 
In this study, MCalibration software (Veryst Engineering) [11] has been used 
to calibrate the ABAQUS in-built Chaboche model to experimental stress controlled 
and strain controlled test data. The MCalibration software defines a ―load case‖ for 
each experiment under loading conditions. Then, iterative algorithms are used to 
optimise necessary material parameters to get the best fit for experimental data. The 
calibration procedure is fully automatic and uses ―ABAQUS/Standard‖ as the default 
solver in MCalibration. Initial parameters were calibrated using stabilised strain 
controlled data sets and then parameters were further optimised using experimental 
ratcheting data. The MCalibration software interface is illustrated in Figure 3-8. 
Once the MCalibration software has found the optimal material parameters for a 
given set of data, calibrated material parameters can then be exported to Abaqus 
/CAE as Chaboche model or inserted into an inp-file for further FE analysis. 
 Finite element model 3.4
3.4.1 Three dimensional numerical model 
 The validated numerical model has developed using ABAQUS [10] to 
simulate plastic accumulation with friction coefficient [12, 13]. Three dimensional 
rail model representing 80 mm of track length is shown in Figure 3-9. The wheel 
loads on the track assumed as roll on the straight track and it followed Hertzian 
contact patch at the centre of the rail head. This approach has been used to reduce 
computational time as well as simplify the contact geometry. 
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Figure 3-9: Fully meshed rail sections highlighted mesh size difference between 
insert and rail body. Adapted from  [13] 
Rail head geometry has been defined according to the standard 60 kg/m rail 
cross-section [14]. The rail body has used more coarse mesh to optimise 
computational time. At the centre of the contact, fine mesh (high mesh density) of 16 
x 16 mm of an insert has been used to capture the high stress and strain gradient near 
the rolling contact surface as illustrated in Figure 3-9. The fine mesh region is fully 
integrated with eight-node linear brick (C3D8) elements and the mesh density is also 
reduced from the rail head surface to dilute the total number of elements in the insert. 
It ultimately affects optimisation of total computational time for the model.  
3.4.2 Loading conditions 
The distribution of the contact load and traction load modules are simulated 
to using moving pressure distribution of Hertzian contact patch as shown in Figure 
3-10. This approach can be used in multiple load cycles using the ABAQUS 
subroutines. The moving pressure load can be applied using ABAQUS subroutine 
DLOAD and traction load can be defined using UTRACLOAD as a portion of the 
normal Hertzian pressure, the fraction being the friction coefficient. Single point 
contact has been used in the analysis and the 3D Hertzian contact equations were 
used to define contact ellipse semi-axis and maximum contact pressure with the 
selected load conditions. 
Insert 
Rail Body 
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Figure 3-10: Hertzian pressure load simulation 
3.4.3 Material model 
Material parameters have been calibrated using experimental cyclic load data 
for the heat-treated rail steel, according to its depths. These parameters were 
tabulated in the section 4.7.2. Parameters were calibrated to the ABAQUS in-built 
Chaboche model with three back stresses developed by Chaboche and Lemaitre [15]. 
These parameters were obtained using uniaxial tension compression experiments on 
the rectangular shape specimens. This material model is capable of predicting non-
linear isotropic/kinematic cyclic hardening behaviour of the rail steel. 
The non-linear isotropic/kinematic hardening material model was only 
attributed to the insert (refer Figure 3-9) of the model as an area of interest in the rail 
section. Only elastic material properties were assigned to the rest of the rail body 
during the analysis. 
 Rail/wheel contact simulation using twin-disc rig 3.5
3.5.1 Surface profile effects on wear mechanism 
During the past six years, the rail rig was used by researchers to conduct 
several tests in the rail wheel contact interface, like lubrication, wear etc. and was 
able to provide reliable data during that research. Literature highlighted that 
numerous aspects of the wear mechanism have been simulated using the rail/wheel 
test rig to estimate the effect of such parameters on rolling contact fatigue behaviour. 
Pmax 
z 
x 
y 
T 
Rolling Direction 
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This research was driven by the surface profile effect on the wear mechanism, which 
hasn‘t been studied in detail. Some experiments were conducted using different 
curvature of the rail disc and results were concluded in Chapter 3.  
Surface roughness effects have been highlighted in the bearing literature and 
some studies [16, 17] have been conducted on the rail/wheel contact interface as 
well. Unlike the bearing surface, the rail contact interface has a great deal of traction, 
which can elevate the damage mechanism. Special attention to this topic has been 
paid, due to surface roughness measurements that have been recorded after the 
preventive grinding process in the rail track. As shown in Figure 3-11, average 
roughness after the grinding was 20 μm, which is quite high for a rail grinding 
surface finish. These grinding peaks were worn off with contact load cycles and 
became more of a plateau surface. However, the effects of these grinding peaks on 
the subsurface strain accumulation haven‘t been studied in detail. 
  
Figure 3-11: a) 3D profile of surface replica on freshly ground gauge area of rail and 
b) image of replication position. 
 
 
  
a) b) 
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3.5.2 Test rig and disks preparation 
  
Figure 3-12:a) Rail and b) wheel disks in machining process 
The test rig has two wheel discs (Ф 300 mm) and four rail discs (Ф 150 mm). 
Two rail discs have been machined to 6.5 mm [T1] contact width to increase the 
maximum Hertzian contact pressure while other rail discs have been machined to 20 
mm [T2] flat contact width. During the machining, rails discs incurred 0.7 μm 
average roughness. However, the T2 rail disc has been subjected to random abrasion 
scars using different grit sand paper to modify the roughness. The rail and wheel disc 
machining process is illustrated in Figure 3-12. After the machining process was 
completed, these discs were covered with lubrication oils and stored in sealed 
polyurethane packing to control the oxidation process. All discs had been properly 
cleaned before starting the test. 
3.5.3 Primary tests of the twin-disc rail simulator 
The primary goal of the test is to simulate roughness effects on wear 
conditions of the rail-wheel contact interface. The wear parameters were measured 
under nominally dry conditions. A flat-profile rail disc [T1] with 6.5 mm line contact 
was used in the test. Initial roughness is introduced to the rail disc to longitudinal 
direction to observe roughness effects on the wear mechanism. The test rig capable 
to apply 15 kN normal contact and 115 Nm braking torque to induce traction to the 
interface. Changes of radius of the rail disc were measured in real time using a 
CMOS laser sensor. The surface temperature was recorded at each interval as well. 
Furthermore, surface replication was conducted at every pre-determined interval 
using Struers RepliSet F-5 to trace the evolution of topography and surface damage. 
b) a) 
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The generated particles were collected at predefined sampling intervals to observe 
the development of the plastically deformed metal layer.  
The second test was conducted using a rail disc [T2] under similar rail/wheel 
test rig operation conditions. Consequently, normal contact stress was reduced due to 
the longer contact width. Surface replication and particle collection was carried out at 
pre-determined intervals. 
3.5.4 Data collection 
A container with soft tissue paper was placed under the wheel and rail disc to 
collect generated particles from the contact interface. Collected particles were stored 
in the small containers and then placed in a dehumidified cupboard. Furthermore, 
replication was conducted to reproduce surface profiles at each interval. The test rig 
consists of a data acquisition system called DAQ View, records‘ converted digital 
output from the load cells, toque transducer, shaft encoders and a CMOS laser 
sensor, and is capable of converting collected data into an ACCII file for further 
analysis. 
3.5.5 Data analysis 
3.5.5.1 Roughness Measurement of the rail disc 
Surface roughness of the rail discs were directly measured using a Surtronic 
3+ profilometer, but this process can‘t be continued for pre-determined intervals as 
the discs need to be taken out. The detachment of discs will affect the wear 
mechanism and cause severe damage to the surface due to misalignment in the 
micro-level. This problem can be overcome with surface replication using RepliSet-
F5. Then, collected surface replica was inspected using a Leica ME125 
metallographic microscope to observe any cracks/flaws generated at the intervals. 
Further investigations have been conducted using Zeiss FESEM under a variable 
pressure mode. Plastic deformation identified using replica and flaws identified using 
SEM is shown in Figure 3-13. 
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Figure 3-13:Surface analysis of the replica a) using Leica M125 and b) VP mode of 
Zeiss FESEM 
Surface roughness of the discs was measured using replicas of a Bruker 
Dektak XT. This profilometer is capable of controlling the stylus force electronically, 
which makes this more suitable to measure roughness on epoxy rubber (replica). The 
Dektak XT profilometer was incorporated with sophisticated Vision64 software that 
allows advance analysis from raw profile data. The following Figure 3-14 shows 
three dimensional surface topography measurements of the T1 disc replica using 
Dektak XT at 50-thousand contact interval. 
 
Figure 3-14: Three dimensional scan of the T1 rail disc after 50-thousand cycles 
a) b) 
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Different 3D surface profile parameters were considered during the analysis. 
The single stylus scan provides 2D raw profile of the surface as shown in Figure 
3-15. It contains surface irregularities that can also be explained as waviness and 
roughness. Waviness is the measurement of the more widely spaced component of 
surface texture and roughness in surface irregularities in small sampling length (cut 
off length). Roughness plays an important role in determining how a real object will 
interact with its environment. Rough surfaces usually wear more quickly and have 
higher friction coefficients than smooth surfaces. Roughness is often a good 
predictor of the performance of a mechanical component, since irregularities in the 
surface may form nucleation sites for cracks or corrosion. On the other hand, 
roughness may promote adhesion and lubrication. 
A three dimensional scan is created by the numerous 2D scans in an area. 
During this analysis, considered was a 1 mm by 1 mm area of the replica with 1000 
scans per area, so distance between each 2D scan is 1 μm (this is minimum scan 
space) to generate 3D topography of the surface. Once the array is completed, data is 
fed in the Vision64 software for further filtering and post analysis of the data. Data 
restore (fills in small areas of bad pixels using the height data surrounding the drop-
out area), remove tilt (removes linear tilt from the dataset) and invert data set (to 
obtain positive surface profile from negative replica) were used to refine anomalies 
in the data; all these settings can be saved as ‗Vision64 Recipe‘. The same recipe is 
adopted on every scan during the analysis. Surface profile parameters have been 
considered during the analysis tabulated in Table 3-2 and they were also defined in 
the user manual of the Bruker Dektak XT. 
Table 3-2: Surface profile parameters 
Class 3D Parameter 
Height parameters Sa Sku Sp Sq Ssk Sz 
Bearing ratio SMr1 SMr2 Spk Sk 
Hybrid parameters Sds Ssc 
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Figure 3-15: Roughness and waviness in the total profile 
Height Parameters: 
For the following discussions, Z(x, y) is the function representing the height 
of the surface relative to the best fitting plane. Sa and is average surface roughness 
and mean square roughness and are evaluated over the 3D scan surface; they are 
mathematically evaluated as follows 
   ∬| (x  )| x                                           
   ∬√( (x  ))
 
 x                                    
Ssk and Sku are defined as the Skewness and Kurtosis of the 3D surface 
texture respectively. A histogram of the heights from an ideal normal distribution is 
represented by Ssk and Sku. Mathematically, the Ssk and Sku can be evaluated as 
follows: 
    
 
  
3 ∬( (x  ))
 
 x     3—3 
    
 
  
4 ∬( (x  ))
4
 x     3—4 
Sp, Sv, and Sz are parameters evaluated from the absolute highest and lowest 
points found on the surface. Sp, is average of the maximum five peak heights, Sv, is 
average of five maximum valleys depth in surface (expressed as a negative in 
number) and Sz the maximum height of the surface), is found from Sz = Sp – Sv. 
  
Roughness 
Waviness 
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Bearing ratio: 
 
Figure 3-16: Areal material bearing ration curve 
The parameters Sk, Spk, Svk, SMr1, and SMr2 are all derived from the Areal 
Material Ratio curve defined on the ISO 13565-2:1996 standard as shown in Figure 
3-16. It is amplitude distribution of the height profile (Abbott-Firestone curve). The 
core roughness depth (Sk), is measured using the amplitude distribution as shown in 
Figure 3-16.  The reduced peak height (Spk), is a measurement of the peak height 
above the core roughness. And the valley depth below the core roughness is defined 
as the reduced valley depth, (Svk). the SMr1,  and SMr2 respectively indicate peak 
and valley material portions that comprise the peak and valley structure. 
Hybrid parameters: 
The summit density (Sds) is the number of summits per unit surface area. 
Summits are derived from surface peaks.  The peak is determined as any point; rise 
above all eight nearest neighbours.  Further, these summits are only found above the 
5% of height profile per scan area. 
    
               
    
                                    
The mean summit curvature (Ssc) varies for peak structure of the surface as 
peaks are described in above for the summit density. Basically 1/Ssc gives mean 
summit radii of the surface that can be used in real contact calculation. 
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3.5.5.2 Particle Shape and Size Parameter Analysis 
Collected particles were scattered randomly on the SEM stub and captured 
images using the backscatter electron signal in a Zeiss Sigma® field-emission 
scanning electron microscope (FESEM). This allows identification by means of 
different contrast of oxidised and metallic zones of the worn particles. The particles 
were imaged under ×100 to ×200 magnifications providing a suitable size for image 
processing. To determine the particle shape and size parameters, the images were 
processed using a particle analysis module in ImageJ v1.48. As shown in Figure 
3-17, image processing is conducted by selecting a cut-off threshold to identify the 
boundaries of single particles. The masked image was filtered to remove speckles 
and reduce the noise in the image. 
   
raw image Threshold Mask Boundary outline 
Figure 3-17: Image analysis process using ImageJ v1.48. 
A single size parameter is insufficient to describe the geometrical attributes of the 
particles. A few basic parameters were selected to analyse the size and shape of the 
particles, including Feret diameter, perimeter, aspect ratio, solidity and circularity. 
These parameters were calculated from the randomly selected 100-200 samples as 
per images with 95% confidence interval to make an accurate estimation [18]. The 
shape and size parameters were defined in the ImageJ user guide [19]. 
Size Parameters: 
 Feret Diameter: The longest distance between any two points along a 
region‘s boundary, also known as maximum calliper dimension 
 Perimeter: The length of the outside boundary of the selected particle 
a) b) c) 
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 Major and Minor axis: the primary and secondary axis of the best fitting 
ellipse to the particle boundary 
 Convex Hull: Replaces a region with its convex hull, determined by the 
gift-wrap algorithm 
Shape Parameters: 
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3.5.5.3 Cross-sections of the wear debris 
Initially, the collected particles were stored in a dehumidified cupboard to 
control further oxidation until the focus ion milling process had taken place. Particles 
were randomly distributed on an adhesive-lined stub after being blown with 
compressed air to remove any loose particles. This stub was then placed in the 
Quanta 3D FIB instrument to perform the milling process. The areas of greatest 
interest were selected based on the presence of metal debris according to the 
backscatter electron images. Furthermore, a platinum layer was deposited on the 
particle in order to reduce any curtaining effects due to roughness of the particle 
surface and limit further damage to the sectioned surface as shown in Figure 3-18. 
The regular cross-section used a 5 nA aperture to accelerate the milling process. 
Consequently, apertures of 1.0 and 0.5 nA (low primary current) were used to 
perform cleaning of the cross-section to achieve a finely polished surface for proper 
channelling contrast. A number of particles were sectioned to confirm repeatability 
of the results at the interval. As the particles were largely composed of iron-oxide 
material, the test-samples were prone to becoming positively charged, which 
sometimes caused difficulties with the milling process as the quality of the ion image 
was unstable. 
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Figure 3-18: Particle milling process; a) Pt layer deposition; b) subsequent sectioning 
with FIB mill 
3.5.5.4 Nano-indentation using triboindenter 
Another sample set of the particles was rigidly mounted on a metal 
stub/epoxy mount in order to perform nano-indentation. The surface irregularity and 
porosity of the worn particles has negative effects on the single indentation process. 
Therefore, a partial loading function was used to perform the indentations. This 
function was applied using 33 loading cycles and 50% of each unloading cycle 
segment, as explained in Figure 3-19. Before making the indentation, particles were 
observed using an optical microscope to determine the high contrast regions of the 
particles where more metallic material existed. Indentation was performed at these 
selected locations with the use of automated indentation arrays. The machine has a 
load limit of 10,000 µN and 5 µm, therefore there was the possibility that the 
indentation might not be able to reach the desired depth in the particle. However, it 
calculates hardness at every load cycle. 
a) b) 
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Figure 3-19: a) particle loading function and b) indentation on the particles 
 Instruments 3.6
This machine is designed to conduct tensile and uniaxial cyclic load tests. It is 
operated by a servo control hydraulic system, which can load up to100 kN and 
displace 75 mm in both tension and compression stroke. MTS810 integrates with a 
data acquisition system called Test Star II. Test methodology was developed from 
scratch to perform uniaxial cyclic load tests. Then the test coupon needs to be located 
between grips that apply pressure up to 21 MPa on the test coupon, to avoid any 
unexpected slips. Displacement at the gauge of the specimen will be measured using 
the MTS extensometer as shown in Figure 3-20: b) that has a travel length from -2 
mm to 4 mm. The MTS itself can measure the displacement data, however, more 
compliances have been encountered after a certain load level. Also, this machine is 
categorised as a high risk machine and safety precautions have been taken to reduce 
 
 
Figure 3-20: a) MTS810 testing arrangement and b) knife edge extensometer 
attached to the specimen  
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safety hazards during the tests. The MTS810 is the ideal machine with which to 
conduct cyclic load testing for high strength rail steel. According to standards, 
ultimate tensile stress is around 1200 MPa. Cross-section in the gauge area is around 
58 mm
2
 and maximum load can be 76 kN, which is in the safe region and a reliable 
range within which to operate, according to the calibration report of the machine. 
According to these facts, the machine is able to produce optimum output to the 
uniaxial cyclic load and tensile tests.  
3.6.1 Twin-disk apparatus  
  
a) b) 
Figure 3-21: Twin-Disk rail simulation; a ) test rig setup and b) test disc ready to 
contact 
This rig was used to simulate the rail wheel contact interface using dissimilar 
(Ø 150 mm & Ø 300 mm) discs rotating in contact with one another (see Figure 
3-21).  The large disc is driven by an electric motor acting as a train wheel that drives 
the other wheel, which acts as the rail. A hydraulic dynamometer is connected to the 
rail disk shaft to apply traction during the test and a torque transducer is coupled to 
the same shaft to measure net moment. The transducer gives an analogue output, 
which converts the digital signal through the MP60/MP07 module. The amount of 
traction is controlled by a manually operated valve. Two encoders (pulse count 1 
kHz) were used to measure rpm of both disks. The larger disk was clamped using 
one pneumatic ram and other pneumatic ram was used to apply contact load (up to 
15 kN) to maintain contact pressure at the interface. Also, a CMOS laser sensor is 
mounted on the rail disk to measure diameter variation during the test. This apparatus 
Rail disc 
Wheel disc 
Shaft 
encoders 
Torque 
transducer 
Load cell 
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consists of a heat exchanger to dissipate heat generation in the hydraulic oil bath, 
predominantly due to the dynamometer function. Furthermore, it has a lubricant 
pouring unit, which can control the rate of lubricant supply as well.  
The twin disc machine can be used to measure parameters to calculate wear 
rate of the rail sample, rolling contact fatigue crack initiation (using micrographs of 
replica), slip, and contact surface profile evolution (using replica and Bruker Dektak 
XT). These parameters are significantly important to generate reliable research 
outcomes and those data have been successfully used and published in some research 
[12, 20]. 
3.6.2 Bruker Dektak XT profilometer 
 
Figure 3-22: Bruker Dektak XT Profilometer 
Bruker Dektak XT is one of the best instruments available to measure surface 
roughness at micro/nano scale and thickness of nano-coating that enables unmatched 
repeatability of four angstroms (4 Å) and up to 40% improved scanning speeds. 
Moreover, it is capable of making a 3D surface plot of the sample that provides 
extensive information about the surface parameters. The machine consists of a 
2.5 μm stylus tip that is capable of measuring micro-level variation. In-built software 
of the Dektak XT, called Vision64, is capable of conducting comprehensive surface 
analysis using measured raw profiles. Further, this machine can measure large 
samples of approximately a 50x50 mm area. All these capabilities are suitable to 
measure surface profile parameters of the rail/wheel disc replicas in an accurate 
manner. 
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3.6.3 Taylor-Hobson Surtronic 3+ 
This machine is a stylus type, contact mode, surface measuring system. It can 
take measurements with a wide range of cut-off lengths (0.25 mm – 25 mm) that can 
cover a whole contact area. However, it generates errors for longer cut-off lengths 
due to rapid variation in height profile and is integrated with computer software, 
which provides a wide range of information of the surface that is useful in this 
research as a direct measurement of the discs. 
  
Figure 3-23: Profile measurement using Surtronic 3+; a) instrument setup and b) 
taking a measurement on rail disc 
  
3.6.4 Light microscope and scanning electron microscope (SEM) 
These two microscopes will be used to observe crack initiation during testing, 
using surface replication. A Leica M125 metallographic microscope was used to 
identify surface damage and microstructure of the rail steel using the wheel itself 
under the scale up to 2-100 times that provides general details of the surface. A Zeiss 
Field Emission Scanning Electron Microscope (FESEM) was used to identify small 
flaws and cracks on the replica surface under a variable pressure mode. Further, this 
microscope has been used to capture particle morphology and rail steel lamellae 
structures to advance material analysis. Oxford EDS attached to the SEM was useful 
in the element identification process.  
3.6.5 Focused ion beam milling Quanta 3D FIB 
Focus ion beam (FIB) is a technique used particularly in the materials science 
and biological field of in-situ stress free sectioning and analysis. FIB systems operate 
b) a) 
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in a similar fashion to a scanning electron microscope (SEM), except, rather than a 
beam of electrons, FIB systems use a finely focused beam of gallium ions that can be 
operated at low beam currents for imaging or high beam currents for site specific 
sputtering or milling. Different aperture and voltages are available in the Quanta 3D 
FIB to performed sputtering and imaging of different test materials. The FIB stage 
can tilt a 0-54 degree angle without changing focus on surface features when co-
eccentric and coincident points are set.  
The gallium (Ga+) primary ion beam hits the sample surface and sputters a 
small amount of material, which leaves the surface as either secondary ions or 
neutral atoms. The primary beam also produces secondary electrons. These sputtered 
ions or secondary electrons are collected to form an image. The channelling contrast 
induced by the FIB is more the four times as intense as that produced by backscatter 
electrons in the SEM. It was much easier to section and image grain boundary 
deformation of the particle using 3D Quanta FIB. 
 Limitation of the study 3.7
There are several limitations in the study, which are, 
3.7.1 Cyclic load experiment 
(a) Availability of limited test coupons led to limited capability for extensive 
calibration of material parameters in advanced material models. 
(b) Rectangular shape test coupons resulted in buckling at high strain amplitudes 
and this has been controlled using mean strain amplitudes in the tests. 
(c) Calibration of the material model parameters solely depends on the uniaxial 
cyclic load experimental data of the head-hardened rail steel. 
3.7.2 Twin-test apparatus 
a) Slip ratio at the contact surface couldn‘t be controlled accurately during the 
tests without having appropriate accessories, such as twin synchronous 
motors for wheel and rail. However, the machine is capable of measuring slip 
ratio during the tests. 
b) Thermal expansion in the surface slightly affects accuracy of real time data 
collection of laser CMOS sensors on a large cycle interval, so final data 
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recording was conducted after the discs cooled down to the environment‘s 
temperature, when micrometre reading was also recorded.. 
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4 Characterization of Head-hardened rail steel in terms of 
Cyclic Plasticity Response And Microstructure For Improved 
Material Modelling  
Reproduced with permission from: Asitha C. Athukorala, De Pellegrin D. V. and 
Kyriakos I. Kourousis, Journal of Wear, doi: doi:10.1016/j.wear.2016.03.024 
Copyright © 2016 Elsevier B.V. or its licensors or contributors. ScienceDirect® is a 
registered trademark of Elsevier B.V. 
Abstract 
Stress- and strain-controlled tests of heat-treated high-strength rail steel 
(Australian Standard AS1085.1) have been performed in order to improve the 
characterization of the said material‘s ratcheting and fatigue wear behaviour. The 
hardness of the rail head material has also been studied and it has been found that 
hardness reduces considerably below four-millimetres from the rail top surface. 
Historically, researchers have used test coupons with circular cross-sections to 
conduct cyclic load tests. Such test coupons, typically five-millimetres in gauge 
diameter and ten-millimetres in grip diameter, are usually taken from the rail head 
sample. When there is considerable variation of material properties over the cross-
section it becomes likely that localised properties of the rail material will be missed. 
In another case from the literature, disks 47 mm in diameter for a twin-disk rolling 
contact test machine were obtained directly from the rail sample and used to validate 
ratcheting and rolling contact fatigue wear models. The question arises: How 
accurate are such tests, especially when large material property gradients exist? In 
this research paper, the effects of rail sampling location on the ratcheting behaviour 
of AS1085.1 rail steel were investigated using rectangular-shaped specimens 
obtained at four different depths to observe their respective cyclic plasticity 
behaviour. The microstructural features of the test coupons were also analysed, 
especially the pearlite inter-lamellar spacing which showed strong correlation with 
both hardness and cyclic plasticity behaviour of the material. This work ultimately 
provides new data and testing methodology to aid the selection of valid parameters 
for material constitutive models to better understand rail surface ratcheting and wear. 
Keywords— Rail steel; plasticity; ratcheting; wear; hardness; inter-lamellar 
spacing 
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 Introduction 4.1
Railway systems play a crucial role in many countries in terms of social and 
economic development, especially countries like Australia, Canada, North America, 
South Africa and China which have mining-driven economies. In Australia, heavy-
haul, intermodal and freight rail expertise is broad and diverse, operating the largest 
heavy-haul trains in the world (Fortescue Metals Group Ltd) with axle loads of 40-
tonnes and a trailing load of 35.2 kilo-tonnes with 24 hours a day operation [1]. In 
comparison, the United States of America, Canada and China have trailing loads of 
22, 20.7 and 20 kilo-tonnes respectively, with axle loads under 30 tonnes. BHP 
Billiton in the Pilbara region of Western Australia runs iron-ore trains at 40-tonnes 
axle load on 68 kg/m rails, with maximum speeds of 75 km/h. In order to maintain 
such high levels of performance, the quality of rail materials is very important for 
reducing wear and other forms of rail degradation. 
In Australia, heat-treated high-strength hypereutectoid rail steel is used 
according to Australian Standards specification AS1085.1, exhibiting hardness in the 
range 360-420HV at the railhead. Standard rail steels have been supplied by different 
manufacturers potentially using different manufacturing processes and heat 
treatments to acquire the desired rail material properties. Material specifications aim 
to provide a benchmark for performance but it appears that field performance of the 
materials hasn‘t been studied comprehensively. 
Rails are subjected to repetitive loads and the damage mechanism is governed 
by plastic deformation of the rail surface. This phenomenon is also known as cyclic 
plasticity. Rails are subjected to a variety of stress and strain conditions which can 
vary depending on location and severity of operation. Under stress-controlled cyclic 
behaviour, accumulation of plastic deformation called ratcheting takes place. The 
accumulated plastic strain is called the ratcheting strain. 
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Figure 4-1: Vickers hardness (HV100) data combined with the profile of the 
rail head 
Robust material modelling helps to make better predictions about the onset of 
rolling-contact fatigue and wear at the rail-wheel interface. The parameters used in 
material modelling may be obtained through stress- and strain-controlled cyclic load 
testing. Numerous researchers have carried out investigations on fatigue life and 
hardening/softening effects of materials under varying conditions of mean stress, 
amplitude and pre-load conditions. 
In 2013, Pun et al. [2] performed an experimental study on the cyclic 
deformation characteristics and ratcheting behaviour of hypereutectoid high-strength 
rail steel used in Australian heavy-haul rail applications. They conducted tests on a 
68 kg/m rail sample (50 and 60 kg/m rails are also commonly used in the industry 
[3]). Although Pun et al.‘s study was limited to a low number of cycles (100-cycles 
typically), it was discovered that kinematic hardening is the dominant ratcheting 
behaviour of the material. The rail steel used in their research was premium rail steel 
which has relatively uniform material properties throughout the rail head. 
Some researchers [4-8] have used material models to predict rail wear and the 
formation of other defects in the rail-wheel interface. The small twin-disk machines 
(SUROS and LEROS) used rail disks which were obtained from rail and wheel 
samples [7-10]. The results generated from the twin-disk machine tests using these 
wheels were subsequently used to validate the relevant wear models. 
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From the present authors‘ work, hardness varies substantially across the cross-
section of a heat-treated head-hardened rail, as shown in Figure 4-1. According to the 
distribution profile, hardness reduces considerably as depth increases. Thus, it is 
apparent that errors would arise in the prediction of wear and ratcheting behaviour 
using test-wheels obtained from rails with significantly varying material properties. 
Problems may also arise with cyclic load tests used for material modelling 
where significant hardness gradients exist across the test coupons. This problem is 
less pronounced for quasi-homogeneous materials, where it should be sufficient to 
scale plastic properties in proportion to hardness [11] Therefore, it is acceptable to use 
cylindrical test coupon to determine cyclic plasticity for the rail materials with small 
gradients in hardness and microstructure [11-14] Surface hardened rail materials 
exhibit higher gradients of hardness and microstructure and therefore it becomes 
necessary to use a more elaborate methodology for determining material behaviour, as 
explained in this paper. For example, a typical circular test coupon 10 mm in grip 
diameter narrowing to a gauge diameter of 5 mm is reasonable if the rail head has 
uniform hardness; but with the surface hardened rails, there is a good chance of 
missing the actual material properties at the rail surface, thus leading to inaccurate 
material model data being obtained. 
Heat-treated head-hardened rail steel exhibits a non-uniform distribution of 
material properties due to variations in manufacturing and heat treatment processes. 
Any non-uniformity could give rise to excessive sub-surface plastic strain 
accumulation from unintended material softness that could lead to damage and failure 
 
Figure 4-2: Sampling position in the rail head 
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of the rail head. Moreover, the material layers removed by wear and preventive 
maintenance grinding potentially expose the softer regions of the rail head to the 
surface. Consequently, rail service life will be reduced substantially, especially at 
small-radius curves. 
Such behaviour may also be exhibited in premium rails which have undergone 
additional thermal modification, such as where connections are made using, for 
example, the flashbutt welding technique. Mutton et al. [15] observed that softening 
of the rail in the heat affected zone (HAZ) can lead to increased gauge corner 
cracking and severe plastic deformation. Their research also studies the hardness 
deviation and microstructural changes in the HAZ area of the weld joint. 
In this paper, the limitations and effects of the sampling depth on the 
ratcheting and fatigue response of head-hardened rail steel are investigated. Moreover, 
microstructural characterization of the rail head is conducted to investigate the 
relationship between mechanical and metallurgical properties of the material. 
Table 4-1: Chemical composition 
Element Composition 
C 0.7% - 0.82% 
Mn 0.7% - 1.1% 
P 0.04% 
S 0.04% 
Si 0.1% – 0.35% 
 Experimental approach 4.2
4.2.1 Material 
The material tested was cut from new 60 kg/m, grade AS1085.1 rail, with 
elemental composition given in Table 4-1. The material microstructure was studied at 
different depths in both transverse and longitudinal directions. To aid visualisation of 
the microstructure the polished surfaces were etched with 5% Nital. In summary, the 
transverse section shows that the microstructure changes from fine pearlite to a coarse 
pearlite with increasing depth. Grain distortion and inclusions (MnS) can be observed 
in the longitudinal section due to the rolling process. The laminar spacing‘s of pearlite 
Chapter 4: Material Characterization of Head-Hardened Rail Steel  
80 
 
microstructures were recorded using Zeiss SEM images at different rail head depths 
as shown in Figure 4-2. 
4.2.2 Sample location 
As the material properties vary down the cross-section of the rail head, it is 
important to select the sampling location with care. Sampling positions were chosen 
according to the hardness profile and practical limitations related to cutting the 
samples from the rail head. As shown in Figure 4-2, the top sample is very close to 
the rail-head surface while the fourth sample is 33 mm below the rail surface. 
According to the hardness profile (Figure 4-1), the 1-5 mm layer exhibits high 
Vickers hardness (410-430 HV), which then drops significantly as the depth 
increases. 
Rectangular-shaped test coupons (according to ASTM E466 specification) 
were obtained from each sampling location. The dimensions of the test coupons are 
shown in Figure 4-3. A major problem with the rectangular shape is that the test 
coupon can buckle when subjected to compression during cyclic-loading. The 
rectangular specimens were therefore designed and machined with a low slenderness-
ratio in order to mitigate buckling effects. 
 
Figure 4-3: Rectangular test coupon dimensions 
The test coupons were machined with a gauge length of 21 mm and 
rectangular cross-section dimensions of 6 mm by 10 mm. Before testing, the gauge 
surfaces were ground and polished to a mirror-like finish, free from scratches visible 
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to the naked eye. This process was conducted to prevent crack initiation and 
premature failure due to surface defects. 
4.2.3 Fatigue tests 
Force-controlled tests were performed using the MTS 810 with Test Star II
®
 
control system, in accordance with standard ASTM E466 [16]. All test coupons were 
subjected to the same uniaxial cyclic loading conditions by keeping the force 
amplitude and mean force constant to study the different ratcheting and fatigue 
behaviours. 
The uniaxial cyclic force-controlled test method used a triangular waveform 
and the axial load was controlled by means of load-cell feedback. During each test, 
the axial load-rate was maintained at 8.5 kN/s – equivalent to a stress rate of 
140 MPa/s. A mean stress (σm) of 83 MPa and stress amplitude (σa) of 694 MPa were 
used. Cyclic loading was carried out until stabilization of the ratcheting cycle or 
reaching the critical strain level (0.1). 
The uniaxial strain-controlled tests used a triangular waveform for strain 
application with different mean amplitudes and slower strain rate in order to obtain 
optimum control. During the tests, strain amplitudes (εa) of 0.5%, 1.0% and 1.5% 
were used with mean strain values (εm) of 0%, 0.5% and 1.0% respectively. Identical 
strain controlled tests were conducted for each level with 0.0005 /s strain rate. 
4.2.4 Hardness tests 
Hardness was measured at different positions on the rail cross-section using a 
micro-Vickers hardness tester (Matsuzawa MXT70) in order to then calculate yield 
strength variation across the sample. Sample preparation and hardness measurements 
(HV100) were made according to standard ASTM E384 [17]. At each sample depth-
level, two hardness measurements were also made in the longitudinal section to 
evaluate uniformity of material properties at the given location. Standard ASTM 
E122-72 [18] was followed to determine the sample size necessary to obtain the 
mean hardness with a 95% confidence level. 
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 Results and discussion 4.3
4.3.1 Microstructure of rail steel 
The rail microstructures have been identified as ferrite and cementite layers of 
varying refinement. Due to induction hardening, different pearlites and upper bainitic 
microstructures exist. As shown in Figure 4-4, the microstructure varies both in 
longitudinal and transverse directions. Near the rail surface (0.2 mm depth), pro-
eutectoid cementite is observed within the prior-austenite grain boundaries (indicated 
by yellow arrows in Figure 4-4 b) probably due to the high carbon content of the rail 
steel. 
Garnham et al. [19] highlighted that the presence of pro-eutectoid cementite is 
undesirable as it is a source of embrittlement and reduces the wear and rolling contact 
fatigue resistance of the steel. The darker region in Figure 4-4 a) represents fine 
pearlitic and upper bainitic structures. The bottom level test coupon showed a coarse 
pearlitic structure with the lamellae-spacing observable in Figure 4-4c) and d). 
  
a) Transverse section (0.2 mm depth) b) Longitudinal section (0.2 mm depth) 
  
c) Transverse section (32 mm depth) d) Longitudinal section (32 mm depth) 
Figure 4-4: Microstructure of the rail head for longitudinal and transverse 
cross-sections at two different depths 
Lamellae Spacing 
Grain Boundary 
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Further investigations have been conducted on the transverse-direction 
microstructure of the test coupons. As shown in Figure 4-5, the laminar spacing of the 
microstructure increases with respect to sampling position. Impurities (MnS by 
elemental analysis) may be observed in Figure 4-5 d) interspersed within the 
microstructure and disturbing the formation of the pearlitic structure. 
According to Sunwoo et al. [20], the cyclic deformation characteristics, i.e. 
the tendency for cyclic softening/hardening, of a material, is strongly dependent on its 
lamellar spacing. The proper quantification of the spacing between cementite layers 
was conducted using ImageJ software on the SEM images. The brightness profile of 
the image can be recorded along a line drawn perpendicular to the laminar layers 
(refer Figure 4-6). 
  
a) Level 1 b) Level 2 
  
c) Level 3 d) Level 4 
Figure 4-5: Zeiss FESEM images of the each level test coupon 
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Figure 4-6: Brightness profile along the drawn line 
It is important to note that the images were taken at different tilting positions 
relative to the sectioned sample to obtain maximum laminar density. Then the profile 
contouring line was drawn perpendicular to the laminar layers in order to eliminate 
any angular effects of the lamellae. The cementite phase is represented by the peaks, 
while the ferrite phase is represented by the valleys, as shown in Figure 4-6. 
The distance between each consecutive peak and valley determines the inter-
lamellar spacing. At each sampling level, more than 175 random inter-lamellar 
spacing‘s were considered and a statistical analysis of the distance was performed to 
obtain 95% confidence intervals for the mean of the sample. 
 
Figure 4-7:  Hardness profile of the test coupon 
 
The experimental results of mean inter-lamellar spacing are presented in Table 4-2. 
They demonstrate that inter-lamellar spacing increases along the depth of the rail head 
due to an inverse relationship between inter-lamellar spacing and undercooling 
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conditions [21]. The rail head is exposed to large undercooling during the 
manufacturing process, so fine inter-lamellar spacing results near the rail surface.  
4.3.2 Estimation of mean hardness of test coupon 
The Standard ASTM E122-09 is followed to determine the sample size (ns) 
needed for each test coupon in order to obtain the mean hardness, 
   (
   
  
)        4—1 
  where n is the estimated sample size, σ0 is the estimate of standard deviation 
and SE (the standard error) is the maximum acceptable difference between the true 
average and sample average. According to standards data, rail hardness can vary 
from 300-430 HV and, therefore, it was assumed that the hardness is normally 
distributed with standard error, SE=12 HV. The calculated standard deviation is SD 
=21.97 MPa and the sample size needed to estimate the hardness of the test coupon is 
therefore n=30.  
  
Table 4-2: Microstructure and mechanical properties data summary. 
Level / Depth 
(mm) 
Laminar 
spacing, λ 
(nm) 
Standard 
deviation of  
spacing 
(nm) 
Yield 
strength at 
0.2% 
(MPa) 
Mean 
hardness 
(HV100) 
Hv 
uncertainty 
(HV100) 
Level 1 /  0.2 44 ±12 911 415.6 ±4.2 
Level 2 / 10.2 63 ±14 805 381.6 ±8.3 
Level 3 / 20.2 122 ±36 572 302.2 ±6.5 
Level 4 / 30.2 189 ±59 510 282.1 ±7.9 
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  The recorded 30 random hardness values of the each test coupon are 
illustrated in Figure 4-7. If the sample size is equal to 30 or more, then the following 
equations can be used to calculate the standard deviation (SD) and mean ( ̅), as the 
data has a z-distribution. 
    √∑
(    )̅̅ ̅
2
   
 
        4—2 
 ̅  
∑  
 
                    4—3 
Finally, the population mean (Xp) is estimated using the following equation 
for 95% confidence interval for z-distribution when the sample size is equal to 30. 
The estimated mean hardness values are summarised in Table 2. 
    ̅    
  
√ 
      4—4 
 
Figure 4-8: Tensile stress and strain behaviour of specimens at different depths 
(refer Figure 4-2) from the surface 
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4.3.3 Stress-controlled test 
The rectangular-shaped specimens obtained from the rail at different depth 
levels were tested under the same conditions of room temperature with predefined 
stress amplitude and mean. Close observation of the tensile stress-strain curves in 
Figure 4-8 shows significant variation between samples of elongation in the first load 
cycle. For example, the level 4 sample exhibited about five-time greater elongation 
than the level 1 (top) sample under otherwise identical conditions. Also, yield stress 
diminishes with increasing depth; the bottom test coupon yield stress is 45% less 
relative to the top test coupon. Furthermore, precise material properties are obtained, 
as the 0.2% yield point for the level 1 sample is 911 MPa; which is significantly 
greater than the yield of 780 MPa that would be obtained from a round test coupon. 
The strain amplitude variation is plotted in Figure 4-9 and it may be clearly 
observed that strain amplitude is higher at greater depth, under otherwise identical 
test conditions. The material becomes weaker with depth and exhibits greater 
tendency to deform plastically. The first two specimens exhibit a plateau in the strain 
amplitude as the material properties stabilize with further loading cycles. 
 
Figure 4-9: Strain amplitude at different depths (refer Figure 4-2) versus 
number of cycles 
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a) Level 1 b) Level 2 
  
c) Level 3 d) Level 4 
Figure 4-10: Stress-controlled stress-strain curves for the different sampling 
depths (Figure 4-2) 
The strain amplitudes of level 1 and 2 test coupons plateau after about the 5th 
and 10th cycles respectively due to cyclic hardening and stabilisation of the 
ratcheting phenomenon. There appears to be no stabilisation with the other two test 
coupons as the strain amplitude continues to grow (softening effect) with increasing 
number of cycles. Furthermore, the level 1 test coupon shows a small hysteresis loop 
area compared to the level 4 coupon; the latter absorbing far greater strain energy 
due to the increased nucleation and mobility of dislocations. Each test exhibited a 
smaller hysteresis curve area in the beginning which gradually expands as the 
number of cycles progresses. This may be explained by the fact that plastic 
deformation in the test coupon initially occurs locally and then gradually expands 
throughout the gauge volume. The experimental cyclic stress-strain data is shown in 
Figure 4-10 and illustrates the very different softening and hardening behaviours of 
the rail steel at different depths under the same force-controlled conditions. 
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Figure 4-11: Ratcheting strain curves for each test coupon 
 It may be observed that the first and second test coupons exhibited cyclic 
hardening behaviour as the hysteresis loops contracted with increasing number of 
cycles, while the level 3 coupon exhibited expanding loops typical of softening 
behaviour. The level 4 coupon showed cyclic hardening behaviour up to the 42
nd
 
cycle, then the hysteresis loops expanded with increasing number of cycles 
suggesting softening behaviour. This unusual behaviour is possibly a result of the 
production process (hot rolling) as Level 4 is close to the lower rail head surface or 
some other cause that has yet to be identified. 
The plastic strain behaviour of the four different samples is shown in Figure 
4-11. It may be observed that the ratcheting strain-rate reduced with loading cycles, 
and the upper two test specimens showed very low, stable ratcheting rate as the strain 
amplitude stabilised in the later loading cycles; the lower two specimens, however, 
showed higher ratcheting rate. 
The microstructure of the rail steel varied with the depth. In the top layer it 
has a mix of bainitic and pearlitic structures (Figure 4-5 a) while the bottom layer has 
a coarse pearlitic structure (Figure 4-5 c). A tendency towards hardening is observed 
near the top and softening behaviour is observed in the lower test coupons. This is 
consistent with Sunwoo‘s research [20]; i.e. steel with coarse pearlite structure is 
softer when compared to bainite and fine pearlite structures. 
Ratcheting curves for each depth level are shown in Figure 4-11. Higher ratcheting 
strain is observed corresponding to increased depth under the same force controlled 
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test conditions. The bottom two test coupons exhibit high ratcheting rates leading to 
failure after relatively few loading cycles. 
4.3.4 Strain-controlled test 
  The resultant mean stress and stress amplitude developed in the strain 
controlled hysteresis loops are shown in Figure 4-12 and Figure 4-13 respectively. 
As expected, in the lower strain amplitudes (0.5%), there is a trend towards a zero 
mean stress level. However, the upper level shows higher compressive stress due to 
higher hardness and also greater resistance to buckling at higher strain amplitudes 
(up to 1%). The bottom two specimens, on the other hand, start buckling at 0.75% 
strain amplitude. In order to control such effect a positive mean strain was introduced 
to the different strain amplitudes. 
According to Figure 4-13, the stress amplitudes maintain reasonably steady 
levels during the cyclic loadings. The stress amplitudes naturally rise as the strain 
amplitude is increased. Moreover, the stress amplitude decreases with increasing 
depth for a given strain amplitude, with material softening behaviour evident beyond 
a certain depth level. As shown in Figure 4-13, the stress required to accumulate 
plastic strain is on average 25-45% less than that at the rail‘s top surface. 
Furthermore, it is highlighted that material behaviour changes significantly between 
level 2 and level 3 (10 to 20 mm). 
 
Figure 4-12: Mean stress of hysteresis at different depth levels 
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Figure 4-13: Stress amplitudes of hysteresis at different depth levels 
4.3.5 Hysteresis loops  
  The hysteresis loops for the strain controlled tests are shown in Figure 4-14. 
The loops have been translated to the zero mean stress and strain levels for better 
presentation and simulation purposes. The hysteresis loop‘s strain energy increased 
with the strain amplitude as expected. But strain energy decreases with depth from 
the rail head as the material reduces in hardness. 
  Comparison of the hysteresis loops at 1.5% strain amplitude at different depth 
levels is illustrated in Figure 4-15 demonstrating clearly the softening behaviour with 
increasing depth and the diminishing hardening effect towards that exhibited by plain 
carbon steel. 
  The rectangular-shaped specimens are capable to capture material properties 
gradient of the heat-treated rail steel. Of course there are some limitations with the 
buckling effect; however, careful experiment execution is able to rectify such 
limitations. 
  
Chapter 4: Material Characterization of Head-Hardened Rail Steel  
92 
 
  
a) Level 1 b) Level 2 
  
c) Level 3 d) Level 4 
Figure 4-14: Stabilized hysteresis loops at different depth levels 
4.3.6 Comparison mechanical and metallurgical parameters 
The inter-lamellar spacing and hardness of the test coupons shows clear 
correlation, as shown in Figure 4-16. Finer inter-lamellar spacing makes a hard 
cementite arrangement that corresponds to increased hardness of the rail material. 
Moreover, it is noticed that strain amplitude (εa) increases together with inter-
lamellar spacing while yield strength drops drastically due to the higher inter-
lamellar spacing which has more ferrite. Ferrite is well known for its softness and 
crack initiation behaviour [20]. Moreover, the fine inter-lamellar spacing shown in 
the top level sample is similar to the premium rail used in Australia [22], but the non-
uniform cooling process results in more than four-times higher spacing in the bottom 
test coupon. 
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Figure 4-15: Material response at 1.5% strain amplitude at different depth 
levels 
The data presents an important trait of head-hardened rail steel: after a certain 
depth from the rail surface (between second and third coupons in this instance) there 
is a transition in material ratcheting behaviour attributed to microstructural 
differences arising from the hardening process. 
Ratcheting is an important mechanism in rail wear, crack initiation and 
growth. The cyclic load test-results clearly show how material at different depth from 
the rail surface can behave very differently under cyclic loads which have the 
potential to induce significant plastic deformations. 
 
Figure 4-16: Hardness and interlamellar spacing 
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Samples obtained from the rail sections by Tyfour et al. [7, 8] exhibited a 
high likelihood of material property inhomogeneity. When the sample wheels were 
subjected to rolling contact tests in the rail test rig, part of the wheel could likely 
have an increased tendency to reach rolling-contact fatigue failure prematurely due to 
high ratcheting rates. Under such circumstances the data obtained would possess low 
accuracy when attempting to model and predict rail surface damage and wear. 
The rectangular-shaped specimens showed capabilities to capture material 
properties with higher resolution when compared to cylindrical test coupons. 
However there are some limitations that exist with rectangular-shaped specimens. 
They are more susceptible to buckling during strain controlled tests with higher 
strain amplitudes and they cannot easily be used in biaxial tests which are important 
in advanced material model calibration. It is also important to highlight that it is 
difficult to characterise gauge corner material properties with the suggested test 
coupon dimensions; however, modified test coupons could be used in further studies. 
These observations provide motivation to improve rail material modelling by 
considering the variations that occur depending on the location from which the 
samples are taken, ultimately leading to increased reliability of simulation and 
modelling results. 
 Conclusions 4.4
From the cyclic tests conducted, together with microstructural characterisation 
and hardness testing of AS1085.1 rail steel, the following conclusions can be drawn: 
1. The experimental approach presented in this work is very useful for obtaining 
detailed cyclic loading and ratcheting material data necessary for effective 
material behaviour modelling. 
2. Rectangular-shaped test coupons provide more accurate sampling of material 
properties compared to cylindrical ones in rail heads where significant material 
inhomogeneity exists. The more accurate data and material models that can be 
obtained will lead to improved rail surface wear simulation and prediction. 
3. Inter-lamellar spacing strongly correlates with the cyclic softening and 
hardening of the head-hardened rail steel. This data can be used to extrapolate 
material cyclic properties for head-hardened rail steels based on hardness 
measurements. 
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4. This study also highlights that rail discs obtained from the rail head for twin 
disc tests are more prone to develop surface defects when compared to real 
service conditions, especially if significant material property gradients exist in 
the rail head. 
5. The more precise sampling method presented lends itself to better analysis of 
rolling contact fatigue behaviour due to localised material inhomogeneity 
arising from, for example, rail welding techniques. 
6. This work raises attention to the limitations of existing practices in material 
sampling and suggests an improved approach 
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Extended Research 
 Introduction 4.5
A recent set of tests attempts to identify the effect of the ratcheting behaviour 
of head-hardened Australian rail steel (AS 60 kg/m HH) with the depth. Four test 
coupons were obtained from the different sampling depths from the railhead surface; 
these were subjected to the same stress and strain controlled tests by keeping all 
other parameters constant. Distinct ratcheting responses were observed under given 
test conditions corresponding to non-uniform hardness behaviour [1]. This head-
hardened steel is prone to generating plastically deformed work hardening layers 
with rail traffic, which mainly contribute to the rolling contact fatigue damage. 
Preventive/corrective grinding is performed to remove these hardened layers 
annually. The grinding passes and wear of the rail remove metal layers that would 
possibly open up weak material layers with time, according to non-uniform hardness 
distribution. 
The rail network operators have introduced wear limits for each rail grade. For 
example, AS 60 kg/m HH rail has applied risk control measures, where rail height 
loss of 20 mm and maximum allowable height loss of the railhead is 22 mm where it 
is condemned and removed from service (CoP-ARTC-2013). Therefore, it is 
important to understand ratcheting behaviour of the railhead corresponding to depth 
under such non-uniform hardness distributions, where it would lead to severe rolling 
contact damage by putting safety and reliability of the rail network at risk. 
 Background 4.6
Researchers [2, 3] have investigated the surface ratcheting behaviour of the 
Australian premium rail steel (HE1, HE2 LAHT) using uniaxial and bi-axial tests, 
where uniform hardness distribution exists. These studies highlight that the best 
ratcheting performance is observed with Hypoeutectoid rail steel (HE1) with low 
carbon percentage. The monotonic tensile loading test [4] was conducted on the AS 
60 kg/m rail, highlighting yield degradation of the rail material. There are no material 
cyclic characteristics of head-hardened rail steel that can be found in the open 
literature, especially cyclic characteristics of the hardened layers. 
Furthermore, ratcheting behaviour of the premium rail steel was studied in 
the flash butt weld joint where severe RCF cracks have been observed [5]. These 
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weld joints are subjected to severe thermal loads during the process that results in 
non-uniform hardness behaviour due to a heat affected zone across the weld joint. 
Such behaviour hasn‘t been quantified yet in great detail. The ratcheting response of 
the heat-affected zone of head-hardened rail steel was quantified using a set of stress- 
and strain-controlled data [1] that could be used to develop a material model to 
extensively study the damage mechanism. Experimental data showed softening 
ratcheting behaviour with increasing depth from the surface under given loading 
conditions. It is significant to simulate ratcheting behaviour of these hardened layers 
under the real contact load conditions. 
The rail head wear is quantified using percent head loss or/and height loss; 
two limits were defined according to loss of head area/height of rail head as per the 
ARTC code of practice. The mainly biaxial wear measurements were recorded in the 
field using a calliper, which measures height loss (table) and gauge face (side) wear, 
as shown in Figure 4-17. The specified head loss limits of material are reached; new 
material is required to reduce safety risks. The rail material-hardened layer exhibits a 
non-uniform hardness distribution, which may result in accelerating wear and fatigue 
rate with wear loss. Therefore, investigation of the ratcheting response of the 
hardened layer under cyclic loading is of paramount importance in understanding the 
diverse wear behaviours exhibited by rails with non-uniform hardness distributions. 
 
Figure 4-17: Wear limits of the rail material. reproduced by (CoP-2013, ARTC) 
The combined isotropic/kinematic hardening model is used to quantify cyclic 
plasticity in the rail head, which reasonably explains the ratcheting behaviour of the 
rail/wheel contact interface. Recently, Pun et al. [6] used the Chaboche-Lemaitre 
model to simulate uniaxial and multiaxial material tests and concluded that the model 
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over-predicted the ratcheting response of the rail steel. However, this material model 
has been used by many rail researchers [7, 8] investigating ratcheting response. The 
fundamental concept of successive simulation is to tune material parameters of the 
model to match the experimental results. 
Ratcheting response at the rail head has been analysed using validated 
ABAQUS finite element models [8]. These models were developed to study friction 
effects on the ratcheting behaviour in the rail/wheel contact interface using critical 
element analysis. The Chaboche-Lemaitre [9, 10] nonlinear isotropic/kinematic 
hardening model was used to describe metal plasticity in this model. However, the 
material model was calibrated into the UIC 900A normal grade rail steel. In this 
research, the same finite element model is used to analyse ratcheting response at 
different depths, while the Chaboche-Lemaitre model is calibrated to uniaxial stress- 
and strain-controlled tests.  
 Results and discussion 4.7
4.7.1 Material Model 
Under cyclic loading, the rail material shows a complicated mechanical 
response involved with plastic deformation. The ratcheting response of the rail steel 
is significantly important as it leads to surface-subsurface damage accumulation. In 
the framework of the cyclic plasticity, many advanced constitutive models were 
established to predict cyclic deformation of the rail steel; numerous cyclic plasticity 
models have cooperated with finite element software packages. ABAQUS [11] has 
inbuilt the Chaboche-Lemaitre material model [9, 10], which is capable of 
simulating nonlinear isotropic/kinematic hardening behaviour of metals. The 
general description of the model is as follows (every italicised bold variable 
indicates a tensor). 
4.7.1.1 Strain Decomposition with Hooke’s Law and Flow Rule 
The total strain of a material can be decomposed into two parts, i.e. elastic 
and plastic. 
                4—5 
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where    ,    , are the change in elastic strain tensor and the change in plastic 
strain tensor respectively. The elastic strain,    , can be expressed using Hooke‘s 
law as 
      
 
 
    
 
 
[  (  )     ]          4—6 
where   and   are the Young‘s modulus and Poisson‘s ratio of the material. Changes 
in the plastic strain    , can be expressed using the flow rule 
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             4—7 
where,   is the plastic modulus of the material. 
Depending on the developed stress under loading, the material can undergo 
kinematic hardening and/or isotropic hardening. 
Von Mises Yield criteria 
4.7.1.2 The Von-Mises yield criterion can expressed as 
  (   )   
 (   ) (   )
 
     ∗        4—8 
where   ,   ,   ,   ,   and k* are the stress tensor, current centre of the yield surface 
in stress space, deviatoric stress tensor, current centre of the yield surface in 
deviatoric stress space, drag stress and the size of the initial yield surface, 
respectively. 
4.7.1.3 The Non-linear Kinematic/Isotropic Hardening 
The Chaboche nonlinear kinematic model is the first of many modified versions of 
the Armstrong-Fredric (A-F) rule. It superimposes three A-F type rules as 
        
 
 = 
  (
 
 
     
          )  
 
 = 
        4—9 
where dp is accumulated plastic strain and    and    are material constants; those 
need to be calibrated in using stress- and strain-controlled data. The isotropic 
hardening component is incorporated into the material model using equation 4—10 
as defined under the Von-Mises yield criteria. Johansson and Thorberntsson [12] 
expressed the drag stress,  , as 
       (   
    ).        4—10 
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The constants in equation 4—10 are the saturated value of the drag stress  , 
and the parameter  , which controls the rate of change of drag stress with respect to 
accumulated plastic strain (d ). These    and b are also material constants that 
need be identified through cyclic load tests. 
4.7.2 Material parameter calibration 
Initial material parameters for the Chaboche and Lemaitre [9] model were 
calibrated following the Barri and Hassan method [13]. Initial parameters are 
determined from the uniaxial strain controlled test of Level 1 with 1.5 % strain 
amplitude. Load curve of the stabilised cycle was curve-fitted with the following 
equation to determine kinematic backstress and matched results illustrated in Figure 
4-18. 
   
 
 = 
                         4—11 
   
  
  
*      ,  (  
  (   
 ))-+                                  4—12 
After that,   and    is determined by using a stress controlled test (stress vs. plastic 
strain (εp)) using the following equation.  
   
  
  
*     ,  (  
  (   
 ))-+                 4—13 
  
Figure 4-18: Curve-fitting a)equation 4—11 and b) equation 4—13 with 
experimental data 
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Then, isotropic hardening parameters were calibrated using curve fitting 
technique on stress amplitude vs. a number of the cycles curve as shown in Figure 
4-19 to the following equation. Calibrated parameters are listed in Table 4-3.  
      (   exp(   
 ∗  )                   4—14 
 
 
Figure 4-19: Curve fitting application of equation 4—14 ratcheting experiment 
Table 4-3: Initial Chaboche parameters for level 1 
E 
(MPa) 
k* 
(MPa) 
Q∞ 
(MPa) 
b 
C1 
(MPa) 
C2 
(MPa) 
C3 
(MPa) 
ɤ1 ɤ2 ɤ3 
185600 956 -64.87 1.82 91398 504 35936 6015 1.14 362.32 
Finally, a primary set of parameters for Level 1 is used as an initial parameter 
for MCalibration software developed by Veryst Engineering [14], to further 
optimisation. The software has used numerous optimization techniques (such as 
Nelder-mead simple method, Genetic Algorithm, Levenberg-Marquardt, Quai-
Newton, etc.) to make good fitness value (Normalise Mean Absolute Difference 
[NMAD]) between prediction and experimental data while using ABAQUS/Standard 
software as a solver to calibrate the in-built ABAQUS material model. Finalised 
Level 1 material constants were fed as initial parameters for the Level 2 and run 
optimization process to gain parameters for the next depth level with experimental 
data. So the process continues until all the depth levels have acquired reasonable 
fitness values and this is a time consuming process. The reasonable parameter set can 
be obtained using this method for a primary case study like this. Therefore, 
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MCalibration software is a useful tool for calibrating the integrated Chaboche-
Lemaitre material model. This software was used in many applications for 
calibrating numerous material models. Optimization has been done up to 0.97 fitness 
(NMAD) values between predictions and ratcheting experiment data using calibrated 
material constants. The optimised parameters acquired for all depth levels using 
MCalibration are shown in Table 4-4. 
Table 4-4: Material parameters for Chaboche model using MCalibration software 
Parameter Level 1 Level 2 Level 3 Level 4 
E (MPa) 199,629 182,166 233,690 150,331 
υ 0.28 0.28 0.28 0.28 
k*(MPa) 474.26 223.32 110.32 107.72 
Q∞(MPa) -48.30 -71.89 34.26 101.60 
b 16.45 4.598 0.842 5.842 
ɤ1 1,526.39 1,768.56 1,591.61 15,298.61 
C1(MPa) 290,797 586,216 373,030 371,720 
ɤ2 102.85 3.93 3.29 2,963.46 
C2(MPa) 515,649 19,003 11,820 10,622 
ɤ3 128.30 280.97 237.60 243.03 
C3(MPa) 54,638.1 60,849.6 48,299 41698 
4.7.3 Non-uniform hardness distribution 
The induction hardening process is just a work hardening technique. 
Microstructure refining has only taken place at such decreasing lamellae spaces in 
the pearlitic structure that led to increasing hardness of the material. So ideally, non-
uniform hardness distribution does not recall a different material, it should be the 
same material with different yield strength due to hardening effect. Thus, the above 
calibrated parameters, even though they have shown good agreement in the 
experiment data, represent a different set of materials. The argument continues that 
the same material parameters set should be derived to predict experiment results. 
Therefore, the Chaboche-Lemaitre model in the Fortran code [15] was used for 
further refinement of the calibrated parameter sets to represent the same material 
properties. This process is a trial and error process by considering previously 
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optimised material parameter sets (MCalibration) as initial values. The final material 
constants for the Chaboche-Lemaitre model are highlighted in Table 4-5. 
Table 4-5: Optimum material parameters for Chaboche model 
Parameter Level 1 Level 2 Level 3 Level 4 
E (MPa) 212000 212000 212000 212000 
υ 0.28 0.28 0.28 0.28 
k* (MPa) 675.023 490.823 208.723 175.723 
Q∞ (MPa)  -101.72 -101.72 -101.72 -101.72 
b 0.842 0.842 0.842 0.842 
C1(MPa) 371720 371720 371720 371720 
C2(MPa) 10622.25 10622.25 10622.25 10622.25 
C3(MPa) 48388.8 48388.8 48388.8 48388.8 
ɤ1 1598.62 1598.62 1598.62 1598.62 
ɤ2 3.45 3.45 3.45 3.45 
ɤ3 243.03 243.03 243.03 243.03 
These parameters were used to predict the ratcheting response of the rail 
material at a different depth from the rail head surface using the Chaboche-Lemaitre 
model. Comparison between experimental and predicted ratcheting data is shown in 
Figure 4-20 
 
Figure 4-20: Ratcheting behaviour comparison with simulation data 
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The Chaboche-Lemaitre model has been used in ratcheting studies of rail 
steel previously [6, 8], but these were not able to simulate ratcheting behaviour of 
rail steel successfully. However, with proper calibration of the material constant, the 
Chaboche-Lemaitre model can be used to analyse the ratcheting response of the rail 
steel. These material parameters can predict ratcheting rate up to a decent level 
where other simulations failed to do so. Figure 4-21 highlights comparison of the 
ratcheting rate between experimental and simulation data and it has shown good 
agreement with this material parameter set.  
 
Figure 4-21: Comparison of ratcheting rate at different depth levels 
It is also important to confirm that these parameters are also capable of 
predicting other stress amplitudes as well. Another test has been done on Level 3 
with stress amplitude of 527 MPa and mean of 93 MPa. These experimental 
conditions were simulated using a Level 3 parameter set and predicted results were 
illustrated as follows. Figure 4-22 represents ratcheting rate and ratcheting response 
under the experimental conditions and shows good agreement with experimental test 
data. This graph further validates the capability of prediction ratcheting response 
using the material model in this research. According to the above analysis and 
validation, the Chaboche-Lemaitre model can also be an acceptable means to obtain 
the ratcheting response of the head-hardened rail steel.  
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Figure 4-22: a) Ratcheting response and b) ratcheting rate comparison with simulated 
data at Level 3 
The model calibration process has depended upon the uniaxial loading 
conditions. Further calibration can prompt with more advanced modelling like the 
Multiplicative Armstrong Fredric Model (MAFM), which has successfully been 
applied in steel and aluminium already [16] with existing experimental data to refine 
simulation results. However, this model can have limitations in simulating under the 
complex loading conditions. Such as in multiaxial loading, the results are expected 
not to be so good, due to the intrinsic deficiencies of the simple Chaboche-Lemaitre 
model. 
4.7.4 Finite element model 
The finite element model has been used to analyse the friction effects on 
subsurface crack initiation in the UIC 900A rail steel [8]. The rail has been designed 
according to AS 1085.1 [17] 60 kg/m rail and pressure and traction load is applied 
using DLOAD and UTRALOAD user subroutine in ABAQUS. The axle loads 
considered for all the scenarios were 26 tonnes, corresponding to wheel normal load 
of 130kN. This pressure load is sufficient to initiate ratcheting response in the 
material. An elliptical contact patch with dimensions is obtained by considering 0.3 
mm rail head and 0.46 mm  wheel radii according to the current literature [18] 
(elliptical contact patch dimensions are a=7.88 mm and b=5.97 mm). The friction 
coefficient is defined using traction force as a portion of the normal load 
corresponding to the coefficient. It was identified that lower friction (0.3 >) was 
responsible for initiating cracks in the subsurface due to ratcheting accumulation, 
while a higher friction coefficient (0.3 <) leads to more surface fatigue cracks [8].  
a) b) 
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Figure 4-23:Plastic strain accumulation (PEEQ)corresponding to friction 
coefficient 
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In this study, only two friction coefficients (0.1 and 0.4) were considered to analyse 
surface and subsurface ratcheting response due to material inhomogeneity.  
The finite element model is subjected to the same loading conditions and 
plastic and shear strain accumulation are recorded to compare sets of material 
parameters. Surface and subsurface plastic strain accumulations are illustrated in the 
following Figure 4-23 corresponding to friction coefficient. 
According to Figure 4-24 the equivalent plastic strain was decreased 
corresponding to hardness increase as yield strength improved. Therefore, a hardened 
material layer can reduce the ratcheting accumulated damage in rail material. 
However, when hardness drops, accumulated strain distribution is broad and the deep 
at near surface, which leads to predominant ratcheting and fatigue damage in the rails 
after exceeding the hardened layer. A similar trend also was observed in high traction 
coefficient at different levels. According to preliminary ratcheting studies under 0.1 
traction coefficient, it was highlighted that maximum plastic strain accumulation 
depth is not directly affected by the hardness of the layer under the same loading 
conditions. 
The worn rail dimensions have limits set by various rail owners; for example, 
the Code of Practice (ARTC - 2013) sets the condemning limit of loss of height of 
AS 60 kg/m head-hardened rail as 20 mm with 24 mm remaining height of the 
railhead. When the rail reaches the wear limits, it was advised to control traffic and 
speed to elevate safety measures. Figure 4-23 illustrates ratcheting accumulation 
according to hardened layers and corresponding Mises stress distribution for the 
same elements. Severe accumulation is observed on the less-hard layers (Level 3 and 
Level 4) with more than 100 times the strain expected in the rail head surface 
compared to Level 1. This study can be further developed to assess adverse effects 
on the worn rail corresponding to its hardness effect. Comprehensive studies need to 
be conducted about how worn limits affect the reliable and safe operation of the rail 
network. 
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Figure 4-24: Plastic strain accumulation and corresponding Mises stress distribution 
under 0.1 traction coefficient 
Consequently, 0.4 traction coefficients induce more surface shear 
stress/strain, which leads to strain accumulation at the surface. Maximum plastic 
strain accumulation and corresponding Mises stress distribution are shown in Figure 
4-25. This also proves again the wear resistance of the hardened layers of 
AS 60 kg/m material even under the high traction conditions. Consequently, other 
hardened layers have shown greater strain accumulation at the surface corresponding 
to the same loading conditions. Importantly, Level 2 has is shown high strain 
accumulation with higher traction. Therefore, severe plastic deformation can be 
expected after 8-10 mm of table wear in high traction conditions. 
 
 
Figure 4-25: Plastic strain accumulation and corresponding Mises stress distribution 
under 0.4 traction coefficient 
Here we expound that the calibrated Chaboche-Lemaitre model can be used to 
study ratcheting behaviour of the railhead with non-uniform hardness distributions. 
Further, this finite element model can also be used to extensively analyse ratcheting 
phenomenon of the heat affected zone of the rail head with proper modification and 
validation. 
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 Conclusions and recommendations 4.8
According to the above analysis, the following conclusions and recommendations 
can be drawn, 
 Material behaviour of the rail steel due to hardening at different depth levels 
was successfully simulated using simple Chaboche-Lemaitre nonlinear 
isotropic/kinematic hardness.  
 The maximum PEEQ accumulation depth doesn‘t affect yield strength of rail 
material, mainly depending on the loading stress and traction coefficient.  
 Severe rolling contact fatigue and wear can be observed after 12-15 mm of 
table wear under low traction conditions. However, higher traction can result 
in an adverse effect from 9 mm of table head loss, corresponding to hardness 
distribution. 
 Finite element analysis has illustrated the maximum plastic strain distribution 
of the rail with hardness layers, where this aspect is significantly important in 
analysing ratcheting behaviour of worn tracks under general loading 
conditions. 
It is also equally important in further optimisation of parameters to multi-axial 
loading condition to use an advanced material model. Furthermore, the method can 
also be used to analyse heat affected zones in flashbutt weld joints where severe RCF 
cracks have been observed in the field. The determined material parameters are 
elementary to extending the validated advance finite element model, where material 
layers can be implemented corresponding to heat affected zones. Therefore, coupling 
the material models with a finite element model to predict the ratcheting damage 
effects on head-hardened rails is what should be done‘ in future work. 
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5 Effect of Different Surface Profile on Wear of Rail Steel 
(AS1085.1) used in Australian Heavy-Haul Railways  
Reproduced with permission from: Asitha C Athukorala, U.I. Wickramashinghe, De 
Pellegrin D.V., International Journal of Materials Engineering Innovation, 2015, 
1757-2762 Copyright © 2015 Inderscience Enterprises Ltd 
Abstract  
The extreme diversity of conditions acting on railways necessitates a variety of 
experimental approaches to study the critical wear mechanisms that present 
themselves at the contact interface. This work investigates the effects of contact 
pressure and geometry in rolling-contact wear tests by using discs with different radii 
of curvature to simulate the varying contact conditions that may be typically found in 
the field. In rail-contact research, it is not uncommon to simplify the problem by only 
considering a line-contact interface with constant contact pressure. However, in the 
practical scenario of the rail-wheel interface both the contact area and contact 
pressure may change as the wear takes place. In this work rolling contact tests were 
conducted without any significant amount of traction, but micro slip was still 
observed due to deformations within the contact. Moreover, variation of contact 
pressure was observed due to contact patch elongation and diameter reduction. 
Rolling contact fatigue, adhesive and sliding wear were observed on the curved 
contact interface. The development of different wear regimes and material removal 
phenomena were analysed using microscopic images in order to broaden the 
understanding of the wear mechanisms occurring in the rail-wheel contact. 
 
Keywords— rolling-contact, twin-disc, hardened rail, wear rate  
 Introduction 5.1
he aspects of wear, friction and fatigue are very important in the operation 
of railways. Significant research exists that deals with identifying the wear and 
fatigue mechanisms within the rail-wheel contact. Despite significant progress, it 
remains very difficult to model all aspects of the contact due to deviations in material 
composition, inhomogeneous material properties, distinct contact behaviour, 
environmental effects and numerous other uncontrolled variables. Therefore, 
different approaches are necessary to identify different phases of wear and fatigue 
T 
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behaviour in the rail-wheel contact, eventually making it possible to minimize the 
problems of unexpected wear and fatigue failure. 
Wear occurs by mechanical and/or chemical means and is accelerated by 
frictional heating. Wear is defined as the removal of solid material from the rubbing 
surfaces [1] and can be found mainly in three forms: adhesive, abrasive and rolling 
contact fatigue (RCF) wear. In the field of rail-wheel contact, RCF wear can be 
observed more frequently [2]. The rail material is repeatedly loaded as the train 
passes over the rail. The train‘s weight is transmitted from the wheels to the rail 
surface through tiny contact areas that experience large contact stresses [3]. When 
the maximum contact pressure exceeds the elastic limit (yield strength) of the rail 
material, this leads to plastic deformation called ratcheting. Accumulated plastic 
strain may eventually lead to material detachment from the parent material‘s surface 
in the form of wear particles. Trapped particles within the contact interfaces can 
accelerate wear as well as change the wear mechanism. The particle itself can 
provide evidence for a particular wear mechanism like adhesion, abrasion, RCF or a 
mixture of these. 
The different wear mechanisms acting on rail wheel contact interface have 
been studied experimentally, with the use of twin disc rail simulators, by various 
researchers [4]. In particular, focus has been set on the contributing factors like: slip 
[5], pressure, lubrication [6] and microstructure. Further research is directed towards 
different types of damage on the rail head and their mechanism [7-9]. Moreover, 
extensive experimental research has been conducted on the different types of damage 
caused on the rail head and the associated mechanism contributing to this (e.g. 
Ringsberg, Loo-Morrey et al., 2000; Sheng & Kahraman, 2011; Vasic, Franklin et 
al., 2011). It has been identified that most of the damage mechanisms are driven by 
the ratcheting phenomenon taking place on the surface of the rail head. Several 
computational efforts have been made to explain the wear mechanisms and predict 
damage caused and accumulated by ratcheting mechanisms (e.g. Enblom & Berg, 
2005; Franklin & Kapoor, 2007). However, there has been limited success in 
simulating accurately the RCF wear damage. This has been attributed primarily to 
the complexity of the ratcheting phenomenon but also due to the lack of appropriate 
material modelling. Modelling the inelastic behaviour of rail materials under 
complex cyclic loading conditions has been considered to be important for improving 
damage simulation. To this end, extensive experimental and computational research 
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has been conducted on the identification of the ratcheting phenomenon 
characteristics and effective modelling and prediction [10-14]. 
The rail-head profile and rail curves make a substantial contribution to track 
degradation [15, 16]. Rail profiles are distorted mainly due to wear and plastic 
deformation. The track surfaces are periodically ground to remove surface initiated 
cracks and deformed material layers in order to control profile distortion and the risk 
of rail fracture, but track surfaces are roughened to some extent by the grinding 
process. In addition, this process can cause the development of residual shear stress 
in the subsurface of the rail material that will ultimately affect the wear mechanism, 
particle generation and fatigue crack development. Broad understanding of the wear 
and contact fatigue behaviour is, therefore, essential. 
Most of the relevant research has been conducted using twin disc rail 
simulator with flat-profile surfaces, because the nominal contact pressure remains 
constant throughout the test. In contrast, this paper focuses on the effects of different 
contact pressures and profiles on wear and rolling contact fatigue mechanisms of 
Australian rail steel (AS1085.1) under dry (un-lubricated) conditions. 
 Experiment setup 5.2
5.2.1 Twin-disc test-rig 
The test-rig initially used by Marich and Mutton [17] was significantly 
improved by Wilson et al. [18] for lubrication testing rather than rail material testing. 
The contact angle between the rolling discs is not variable, as is the case for some 
other test-rigs in the literature [19-21]. 
The test-rig used for the experiments presented in this paper uses relatively 
large wheel and rail discs (300 and 150 mm in diameter approximately), is capable of 
high contact loads (up to 12kN) and of continuously running for large number of 
cycles [22]. The test-rig uses 5400 pulses per revolution incremental shaft encoders 
that are connected to the two shafts with belt drives to measure the rotational speed 
of the driving and driven discs. A calibrated load cell was used to measure the 
contact force from the pneumatic ram and all digital output signals were connected to 
a data acquisition system (DAQ system). The DAQ system uses the DAQ View 
interface to record the input signals. Pneumatic pressure was used to apply the 
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contact load to the discs, and the rotational speed of the motor connected to the 
driving disc was controlled by a variable frequency motor controller. 
5.2.2 Test samples 
Both rail and wheel disc samples were prepared according to the AS 1085.1-
2002 material standard for rail and wheels [23]. The discs were cast at the QR 
National (Queensland Rail National) workshop and oil quenched to the standard 
hardness. These hardened samples were then machined to the test-rig dimensions. 
Comparison of the material composition of standard and sample materials is shown 
inTable 5-1. 
Table 5-1: Chemical composition of material 
Chemical Element 
Normal Rail Size 
(60kg) 
Analysed Report From 
Redbank Foundry (average %) 
Carbon % 0.65 -0.82 0.698 
Manganese % 0.70 - 1.25 0.796 
Silicon % 0.15 -0.58 0.451 
Phosphorus % 0.025 max. 0.021 
Sulphur % 0.025 max. 0.013 
Aluminium % 0.005 max. 0.035 
Nitrogen % 0.010 max. - 
 
Chromium (Cr) 0.15 0.099 
Molybdenum (Mo) 0.02 0.017 
Nickel (Ni) 0.1 0.023 
Copper (Cu) 0.15 0.016 
Tin (Sn) 0.04 - 
Titanium (Ti) 0.025 0.002 
Niobium (Nb) 0.01 0.01 
Vanadium (V) 0.03 0.004 
Lead (Pb) - <0.002 
Boron (B) - 0.002 
Cu + 10Sn 0.45 - 
Cr+Mo+Ni+Cu+V 0.3 0.136 
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The small disc‘s outside surface curvature was machined differently for each 
disc (flat, 100mm, 50mm and 25mm diameter) to study the behaviour of the contact 
profile during wear and to apply different contact pressures. 
5.2.3 Parameter determination 
5.2.3.1  Sliding distance 
In this experiment, no external torque was applied to the driven disc during 
the test procedure. Although operating under free-rolling conditions, micro slip was 
discerned, and fluctuated on average between 0.04 and 0.12 percent during the tests. 
The sliding distance over a given time interval [t0, t1] may be given by, 
    ∫          
  
  
        5—1 
Where Vr and Vw are the rail disc and wheel disc peripheral speeds respectively.  
5.2.3.2  Contact pressure 
The maximum contact pressure Po is calculated using the equation developed 
by Timoshenko and Goodier [24] for two elastically-identical cylindrical steel discs. 
As the load is applied a line contact forms between the test discs. The maximum 
Hertzian contact pressure is given by,  
         (  )          5—2 
where, P is the load per unit length of the contact, and E is the effective 
Young‘s modulus and R is equivalent radius defined as, 
 
 
  
 
  
  
 
  
        5—3 
where, Rw and Rr are the radii of wheel and rail test discs respectively. 
5.2.3.3  Wear rate 
Wear is measured in terms of variation of the radii and the elongation of the 
contact patch during the test and wear volume can be subsequently calculated using 
the measured parameters. Wear rate may be analysed using Archard‘s wear law [25-
29] which defines the dimensionless wear coefficient (K) as the product of wear rate 
k (mm
3
/N/mm) and hardness H (MPa) of the softer material in contact. But wear rate 
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is not a material property, and it is defined as wear volume per unit distance, per unit 
load, i.e. 
   
 
   
         5—4 
where, V is wear volume (mm
3
), FN is normal contact load (N), and S is the sliding 
distance (mm). 
5.2.3.4  Million gross tonne (MGT) 
The rail industry expresses rail traffic (fundamentally the loading condition of 
the rail) in terms of million gross tonne to simplify and combine the various loading 
conditions and number of loading cycles. So, one MGT is equivalent to moving one 
tonne of load, one million times across a given portion of rail surface. The following 
equation provides a mathematical representation of MGT, 
    
    
                
       5—5 
where, FN is normal contact load (N) and N is number of cycles the load is 
applied. 
 Results and discussion 5.3
5.3.1 Wear of rail discs 
Prior to measurement of the diameter of the discs, the system was allowed to 
cool down to room temperature to reduce the effects of thermal expansion on any of 
the measurements. Measurements were recorded after the discs were cleaned 
properly using ethanol and hexane. Diameter reductions observed are presented in 
Figure 5-1. 
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Figure 5-1: Wear rates in terms of diameter change 
As the discs have distinct curvatures at the contact line, diameter change does 
not give an accurate reflection of the wear behaviour of the rail-disc contact, as the 
worn area would vary due to the changing curvature of the discs. Therefore, the wear 
volumes were calculated using measurements of diameter and contact patch 
elongation. Table 5-2 provides clear statistics about the final condition of the rail 
discs. According to Table 5-2, the contact patch elongated during the tests, and 
correspondingly the pressure has dropped. This kind of study on head-hardened rail 
Table 5-2: Final condition of the rail disc 
Disc sample 
no. and 
surface 
curvature 
Final wear 
volume (mm
3
) 
Contact patch 
elongation(mm) 
Final 
Hertzian 
contact 
pressure 
(GPa) 
Initial 
Hertzian  
contact 
pressure (GPa) 
Test 1 -100mm 226.03 8.32 0.85 1.25 
Test 2 - Flat 212.60 20 0.46 0.46 
Test 3 - 50mm 1580.20 12.60 0.80 1.52 
Test 4 - 25mm 1129.68 8.93 0.96 1.95 
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steel is novel and isn‘t found in the literature. The calculated wear volume is plotted 
in Figure 5-2 against million gross tonnes (MGT), which is used in the rail industry 
to calculate annual rail traffic.  
 
Figure 5-2: Wear volume of rail discs 
Comparing diameter variation of the discs, almost the same variations were 
observed between T_25 and T_50 discs. However, Figure 5-2 explains clearly that 
higher material removal had been observed with the T_50 disc. Wear rate is 
calculated using Archard‘s wear model (equation (4)); which gives valuable 
information about the wear mechanism of the discs. According to Figure 5-3, wear 
rate follows the standard wear diagram found in the literature [30, 31]; initially 
showing higher wear rate during the disc running-in stage, which happens shortly 
after the sliding contact between fresh and unworn metal surfaces is established. In 
this phase, modifications of friction coefficient and wear rate are commonly 
observed [32]. 
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Figure 5-3: Wear rate of rail disc 
Subsequently, steady-state wear can be observed for a couple of MGTs, 
followed by rapid and catastrophic wear. A slight reduction in wear rate for T_25 and 
T_50 is observed after 2.3 MGT due to contact pressure drop associated with contact 
patch elongation (Figure 4). 
 
Figure 5-4: Contact pressure variation during the test 
Maximum contact pressure of the T_25 rail disc rapidly declines and 
stabilises below 0.9 GPa. Wear rate reduces, but continuous plastic deformations 
occur as the contact pressure is still greater than the yield strength of the material. In 
the steady wear phase, contact pressures of T_flat and T_100 are nearly constant 
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values. T_flat contact pressure is 460 MPa or 40% less than the yield strength of the 
material. Nonetheless, plastic deformation on the surface and wear have taken place, 
demonstrating that the rail wheel operated under the elastic zone can still undergo 
considerable plastic deformation. In 2002, Kapoor et al, [33] published a paper that 
explains this phenomenon thoroughly. Rail surfaces are rough at the micro scale, and 
high shear stresses may occur only a few microns below the surface due to asperity 
contact. These asperities eventually lead to subsurface crack initiation leading to 
wearing off of the surface peaks. The wear of the disc is thus affected by the micro 
sliding on the surface. A detailed study of the wear mechanism is conducted using 
micro-roughness and microscopic images of the rail disc surface.  
5.3.2 Rail discs surface wear analysis 
5.3.2.1  Surface roughness data 
At the end of the tests, surface roughness of each disc was measured using a 
Surtronic 3+ profilometer with 5 μm stylus tip, 0.8 mm cut-off length and 7.5 mm 
measured length. Surface profiles were obtained as shown in Figure 5-5, and 
roughness data of the discs are recorded in Table 3. According to Figure 5-5, 
waviness profiles of the rail discs appear as bumpy but blunt surfaces. But it is 
noticed that surface valleys at the Figure 5: b) and c) have sudden steep slopes. In 
addition, they are rougher than other surfaces due to severe sliding of trapped 
particles and/or material removal due to fatigue. Both flat and curved disc surfaces 
seem to stabilise in their wear mechanism. It is difficult to explain surface topology 
quantitatively with surface roughness parameters (Ra and Rq) but a combination of 
other parameters like skewness, kurtosis and bearing ratio etc., can be used to 
analyse surface topology quantitatively. 
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Figure 5-5: Rail surface roughness measurements of rail discs: a) T_ flat, b) 
T_100, c) T_50 and T_25 
The roughness of the discs will decrease during the test and progressively 
descend to lower values, as other references have concluded [34-36]. According to 
Figure 5-5, roughness is relatively low for all discs except the T_100 disc, which 
demonstrates that the wear mechanism is still unstable, with high peaks value (Rp) 
(maximum height above the mean line within the sampling length) and greater 
average roughness (Ra) evident. Rsk is the skewness parameter of the surface, which 
represents asymmetry of the height distribution over the sampling length. This 
parameter is important as it provides information on the morphology of the surface 
texture. Positive values correspond to sharp high peaks distributed on a standard 
surface while negative values are found on surfaces with pores and scratches. The 
values were negative for three discs but positive for the T_100 disc, signifying that 
this disc has more scars, pores and other discrete types of damage on the surface. The 
kurtosis parameter Rku presents information about spikiness of the height distribution 
over the surface. All discs have relatively blunt surface profiles (< 3) with the 
exception of T_flat (>3) which exhibits a more spiked surface. The bearing area 
parameter Rmr (%) gives more information about wear resistance of the worn surface. 
When Rmr is a higher percentage value for a specific  
  
b) 
a) 
c) d) 
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Table 5-3:Surface roughness parameters 
Parameter T_25 T_50 T_100 T_flat 
Rp (μm) 0.869 1.67 5.863 1.787 
Rt (μm) 3.23 7.44 19.89 5.77 
Ra (μm) 0.465 0.853 2.427 0.634 
Rq (μm) 0.533 1.059 2.941 0.806 
Rsk -0.284 -0.068 0.154 -0.645 
Rku 2.540 2.729 2.611 3.458 
Rmr % 8.426 3.688 0.542 1.875 
depth below the surface (5% of the sample length amplitude), it means that a larger 
potential contact surface area exists. The greater values also suggest that lower 
contact pressures exist over the rail disc surface, therefore providing greater 
resistance to wear. In contrast, the T_100 rail disc has lower Rmr value (0.542%), 
which makes it more vulnerable to being worn due to lower true area of contact. 
According to the surface waviness profiles, the curved surfaces are subjected to more 
wear damage as their profile has uneven surface irregularities when compared to the 
flat disc. 
5.3.2.2 Macroscopic wear of rail discs 
Various images were taken of the surfaces after the tests were completed. The 
images provide additional information about the surface damage and changes in rail 
disc diameter. Figure 5-7 shows the damage that has been done on the surface due to 
high contact loading. The golden reddish colour and silver indicates that different 
levels of oxidation films were generated during the process. This disc was subjected 
to 2.5 million contact cycles, and oxidised layers were formed due to the thermal 
effect during dry contact. Different thickness of the oxidation layer can be a result of 
the different sliding levels in the contact interface, leading to different thermal 
profiles. Furthermore, it could be result of delamination of the oxidised film. Figure 
5-7: b) clearly shows the elongation of the contact patch during the test. Due to 
contact area elongation, the contact patch becomes more like a line contact and 
reduces the maximum Hertzian contact pressure considerably. The wear rate, 
however, is not significantly mitigated as the contact pressure drops because, during 
the high contact loading conditions, subsurface damage occurs due to high shear 
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stresses. When the contact load falls, previously-initiated subsurface cracks continue 
to propagate towards the surface until the material spalls off from the metal surface. 
After that, the wear rate is reduced accordingly due to the reduction of shear stress on 
the surface. Deters and Proksch [37] demonstrated that the oxidised layer is worn off 
as large stamp-like flakes that could cause deep valleys in the contact zone. 
  
  
Figure 5-6: Surface wear of the rail disc T_50:  a) RCF wear,  b) sliding and adhesive 
wear zones,  c) adhesive wear and  d) oxidised film 
  
Figure 5-7: Surface wear of T_25,  a) different oxidation Level and b) contact patch 
elongation 
The T_50 disc has more damage scars explaining the severity of the surface 
damage. Elongation of the contact zone is also evident from the damage observed on 
a) b) 
c) d) 
a) b) 
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disc T_50. Due to this damage, the surface of the disc becomes wavier and with a 
high-amplitude profile as evidently shown Figure 5-5: c). The wear process should 
be more controlled because of the fact that contact pressure drops as the contact 
patch elongates. Instead, the wear rate increased after 1.8 MGT even though contact 
pressure reduced. This is because subsurface initiated cracks during the high contact 
loading propagated towards the surface due to the drop in contact pressure. 
Eventually, disc material is worn off as large delaminated particles. Figure 5-6: a) is 
a classic example of rolling contact fatigue failure of the rail material. From the 
particle size it is evident that subsurface initiated cracks had propagated along the 
surface as the T_50 curvature is more broadly distributed over the disc surface when 
compared to the T_25 disc. However, adhesive wear of the material can be observed 
in Figure 5-6: b) and d). The comparison of roughness profiles and Figure 5-6: b) 
reveal that the peak areas result in more sliding and RCF damage, while the valley 
areas are subjected to more adhesive wear as the worn particles squash through this 
region. Furthermore, Figure 5-6: d) also shows that more oxidation is evident in the 
sliding region. Figure 5-8 shows that a complex wear mechanism has taken place in 
the contact zone as adhesion, RCF wear and some ploughing are all observed. 
Bumpy peaks on the surface were generated, which can also be found in the 
roughness data and Figure 5-8: a) and b).  
   
Figure 5-8: Surface wear of rail disc T_100; a) sliding and adhesive wear, b) distinct 
oxidation level and c) RCF wear 
The initial point of contact had higher contact pressure, resulting in the 
generation of subsurface cracks in that region. As the number of cycle progresses, the 
cracks develop toward the surface and spall off from the metal surface, causing high 
material removal rates near the center-line of the rail disc. This phenomenon is 
common for the other curved discs as well. Comparing roughness and wear data of 
disc T_100, it is evident that the rail disc is still wearing off the initial damage and 
a) b c) 
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the steady state wear mechanism has not yet stabilised. The sliding lines were 
subjected to oxidation, but surface damage is less severe than both T_25 and T_50 
discs under the tested MGT levels. The flat rail disc shows full contact of the disc 
surface as it has very few abrasive scars and predominantly adhesion wear marks on 
the surface as shown in Figure 5-9: b). Less wear is evident under 1.8 MGT traffic 
and due to the relatively low line-contact pressure. 
 
` 
 
Figure 5-9: Surface wear of rail disc T_flat; a) high wear in edges,  b) adhesive wear, 
and c) wear of oxidised film 
 
 
 
 
Figure 5-10: Wear zone of rail disc T_50; a) different level of wear zone and b) 
prominent surface damage 
 
  
a) b) 
a) c) b) 
Ph.D. Thesis – Queensland University of Technology Asitha C Athukorala 
 
129 
 
 
Figure 5-11: Crack development in wear zone boundary  
5.3.2.3  Microscopic wear of the rail disc 
The literature [25-27] has only explained the contact behaviour of the flat 
surface disc. It is difficult find a good study on the effect of the profiled discs on rail 
wheel contact under this level of MGTs. Consequently, in this work, surface 
replication was performed to study the material surface damage that occurred in the 
profiled T_50 rail disc. Scanning electron and light microscope images illustrate 
what damage exists on the material surface. Two types of wear zones are apparent at 
the tip of the curved wheel.  
The tip of the curve wears off mainly due to rolling contact fatigue. Uneven 
material removal arising from variations of contact pressure and creep in the 
different wear zones may be observed (Figure 5-10: a)). Sliding areas appeared more 
compact and subjected to oxidation wear when compared to the adhesive wear zone. 
Figure 5-10: b) shows the thin metal tongue structure that developed in the adhesive 
wear zone. This kind of tongue formation has been highlighted in the research on 
pearlitic rail steel by Deters and Proksch [37]. These metal tongues were generated 
due to higher plastic deformation in the sliding region. The higher stresses on the 
metal surface lead to the generation of laminar wear particles due to rolling contact 
fatigue. Close observation of the zone boundary in Figure 5-11 has shown that some 
cracks were initiated in the sliding area and develop into the adhesive wear zone. 
These cracks are probably a sign of the failing adhesive zone and expanding sliding 
zone through subsurface crack propagation toward the surface. The developed cracks 
spall the material and cause grooving in the boundary as shown in the corresponding 
surface waviness profile (Figure 5-5: c)). 
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Figure 5-12: SEM images of surface replica;  a) surface damage in adhesive zone 
and  b) metal tongues in sliding zone 
Microscopic images of the replica using scanning electron microscopy (SEM) 
in the adhesive wear zone have identified surface damage that is the same shape as 
the particles formed during the tests ( Figure 5-12 a)  and Figure 5-13: a) ). Also, it is 
observed that some metal tongue formation occurs in the sliding region that is likely 
due to flow of plastically deformed metal layer.  
  
Figure 5-13: Particle generated during T_50 and EDS of particles 
 
The collected particles are shown in Figure 5-13: a), obtained using TM3000 
table top SEM. The measured particles were more like laminar flakes in a wide range 
of sizes. By looking at the size, shape and elemental composition, it may be observed 
that they are delaminated fatigue particles consisting of oxide and metal. Also, they 
have the same shape as the damage consistent with the adhesive wear regime. 
According to the literature, large flake-like particles arise due to the rolling contact 
fatigue wear mechanism resulting from the delamination process. Energy Dispersive 
Spectrometer (EDS) analysis of the particles (Figure 5-13: b)) show considerable 
amounts of iron and oxygen confirming a worn off oxidised layer. 
b) 
a) 
a) b) 
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Results of the rail discs highlight that different wear mechanisms exist on the 
rail wheel contact interface such as rolling contact fatigue, sliding and oxidation. 
Abrasive wear rarely exists as the both rolling discs have the same hardness. All this 
information emphasises the importance of contact profile on the wear mechanisms 
that exist in the rail-wheel contact. 
 Conclusions 5.4
Understanding of the wear mechanisms of the rail-wheel contact under 
different profile conditions is critical. In the practical scenario, the rail-wheel contact 
is neither a pure line contact nor a point contact. Different contact profiles exist as 
wear progresses and the effects of the contact conditions on the wear mechanisms are 
summarised as follows: 
 Wear rate was plotted using Archard‘s law taking into consideration the 
different surface curvatures. It has been observed that different wear 
mechanisms exist and that wear rate is modified corresponding to the surface 
profile of the rail disc. Adhesive and RCF wear mechanisms dominated in 
this case study where externally applied traction was absent. 
 The curved disc surfaces did not show significant wear in the running-in 
phase because damage occurred in the subsurface due to the high shear 
stresses there. Sudden spalling of material was eventually witnessed even 
under the low contact pressure in later contact cycles. 
 The rail disc surface became relatively smooth once the steady-state wear 
mechanism is established. The variation of roughness parameters, including 
skewness and kurtosis, holds important information about the wear 
mechanisms. 
 Different wear profiles exist due to variable surface waviness arising from 
delamination of the surface layer in the longitudinal direction. Intermittent 
measurement of surface parameters during the tests will provide more 
understanding about the wear transitions. 
 All the rail disc surfaces were oxidised due to relatively high surface 
temperature at a micro-level asperity contact. These oxide layers are more 
prone to RCF failure by generating flake-like particles due to reduced fracture 
toughness of the iron oxide layer compared to the metal surface. 
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 Surface waviness and roughness should be included in the wear mode 
simulation of rail-wheel contact using appropriate material models to predict 
ratcheting behaviour of rail materials. 
The above methodology will be further developed to understand wear 
behaviour of the curved discs and to improve modelling using appropriate material 
models. 
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6 Wear Debris Generation Mechanism at rail/wheel contact 
interface 
Part I: Experimental Depiction of the Hypothesis of Flake-like Wear 
Debris generation in Rolling Contact Fatigue 
Reproduced with permission from: Asitha C. Athukorala, De Pellegrin D. V., Journal 
of Tribology Transactions:1040-2004 (Print), 1547-397X (Online) (in press). 
Abstract 
Flake-like particles represent a common type of wear debris generated during 
the rolling contact fatigue wear test using a twin-disc test rig. It is argued that these 
flake-like particles are generated during the delamination process due to plastic shear 
strain accumulation at the wearing surfaces. This hypothesis has been developed in 
the last decades to explain the particle generation mechanism, yet it has not been 
proven conclusively. This research provides strong experimental evidence of the 
creation processes of wear debris propagation, aggregation, transfer and compaction, 
therefore confirming the existing hypothesis and enhancing the understanding of 
wear mechanisms in the rolling contact interface. 
Keywords: Flake-like wear particle, FIB milling, rolling contact fatigue, railway, 
replica 
 Introduction 6.1
The rail-wheel contact interface transfers several tons of load through an area 
roughly the size of a dime, which results in very large surface and subsurface shear 
stresses and strains developing in the contact. Furthermore, sliding due to sudden 
acceleration and braking can induce severe thermo-mechanical damage which may 
be affected by uncontrollable environmental factors including temperature, airborne 
particles and humidity. In combination, these factors greatly affect wear performance 
during railway operation. 
The relative motion between two solid bodies for a prolonged period of time 
leads to observable wear within the interface. The surface wear process is governed 
by different mechanisms, mainly identified as: adhesion, abrasion, oxidation and 
fatigue. The wear particle generating phenomenon that acts together with these 
mechanisms is very important. The fundamental nature of the wear particle 
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generation process has been the topic for many research works of the past. Most 
existing research work, however, involves experiments with pin-on-disc test rigs as 
the particle generation process can be controlled with sliding rate.  
Substantial research has been conducted to study wear mechanisms and 
performance of the rail-wheel contact system [1-3]. Although such tests have 
generally been systematic and thorough, they often do not comprehensively embrace 
all wear mechanisms likely to be present in the real rail-wheel contact interface. 
Most research is based on twin-disc testing and different wear mechanisms have 
been observed depending on operating conditions and material composition. Detailed 
studies on the particles generated during wear tests give valuable insight into the 
dominant wear mechanisms present. For example, Cocks [4] observed the sliding 
contact region using a microscope and noted that wear particles were produced by a 
wedge-like junction that forms at the sliding interface and shears off from the base 
metal; further, he postulated that another wedge rapidly forms as the previous one 
becomes detached from the interface.  
Alternatively, other researchers have concluded [5, 6] that the size of the 
particle is greatly affected by the wear behaviour of the sliding interface and that the 
amount of wear increases with mean particle size. Effectively, wear particles can 
accelerate the wear mechanism by acting as third bodies between interfaces. 
Different morphologies of the wear particles are often evident, and may be 
characterised in conjunction with the dominant wear mechanism as well as worn 
surface topographies [7]. 
Quantitative analysis of the particle morphology attracts considerable research 
interest because it may be used to assist in the identification of any damage 
mechanisms in condition monitoring applications. Although several researchers have 
developed sophisticated wear particle morphology analysis techniques, few define 
the limitation of applicability of such techniques. Most, in fact, are based on basic 
form and shape parameters, Fourier analysis, fractal outline, etc. Raadnui [8] 
investigated the different quantitative techniques that have been used in the literature 
and concluded that too many such parameters exist, making the analysis of particle 
morphologies rather complicated. 
Our research mainly deals with wear particle generation in the combined 
sliding and rolling contact. Special attention is dedicated towards understanding the 
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lamellar/flake-like particles generated in the simulated rail-wheel contact interface 
using 3D Quanta instrument with the focused ion beam (FIB) milling technique. 
 Background 6.2
The wear regime type depends on factors that govern the operating conditions, 
like load, sliding, temperature and so on. Under sliding conditions the regime of wear 
at low loads is often called mild wear [9, 10], while above a certain load threshold 
severe wear may be observed. However, in combined rolling and sliding contact the 
twin disc goes through the sequence of running in, steady state (mild), and severe 
wear phases [1]. 
The initial contact cycles of the rail disc result in rapid asperity summit 
breakdown associated with running in wear. Then, the wear rate becomes steady and, 
depending on the load, damage accumulates with increasing number of cycles, until 
the surface reaches the transition limit. After this point, the damaged surface is worn 
off and then the wear rate either stabilises again or could give rise to major damage 
as the material integrity fails. Although the initial wear may not immediately lead to 
catastrophic failure, the accumulation of ratcheting as a result of the wear process 
causes surface and subsurface damage that may eventually lead to catastrophic 
failure in the form of rail fracture and derailment. 
During the running-in stage, particles 40-70 µm in size can be observed which 
predominantly consist of metallic debris, while mild wear is characterised by finely 
divided wear debris (typically 0.01 to 1 μm in particle size) which consists 
predominantly of oxide. In contrast, severe wear results in particles 20 µm to 200 µm 
in size, with the particles consisting of both metal and oxide debris. The twin-disc 
test rig generates a wide range of particles depending on the operating conditions. 
However, the size of the flake-like particles tends to get bigger and bigger as the 
number of contact cycles progresses. An early hypothesis, developed by Hutchings 
and Sasada [11, 12], suggested that these large particles could be a result of 
agglomeration of wear debris under sliding contact conditions. However, no 
experimental evidence supported the existence of the hypothesis itself. 
An interesting fundamental theory has been developed in the nineteen-
seventies by Suh [13] to explain the generation of wear debris by means of 
delamination of metal layers. Furthermore, it explains that void formation is due to 
the accumulation of shear strain around hard particles (primarily impurities in the 
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metal). Void elongation due to further accumulation of strain leads to subsurface 
crack nucleation and propagation. This theory mainly applies to repetitive sliding 
contacts. However, the delamination and void nucleation mechanisms also provide 
insight into fatigue crack nucleation and propagation, which can be useful in 
understanding fatigue particles and thin sheet formation under rolling/sliding contact 
conditions that typically exist in rail/wheel contact interfaces. 
Knowledge of the contact conditions in the rail/wheel contact interface is 
important for explaining the wear mechanism. The results obtained from finite 
element models (FEM) and semi-analytical models [14-16] highlight that the 
geometry of the rail/wheel contact is typically of the ―point-type‖. The exact size and 
shape of contact can vary under the influence of dynamic wear and loading 
conditions. In this research, the contact conditions are of the line-type, with 0.75 and 
1.6 μm initial surface roughness‘s on the cylindrical rail and wheel discs 
respectively. Although not strictly representative of the point-type contact, such 
geometry proves less sensitive to wear and its effects on contact pressure and load 
distribution [8]. Moreover, the asperity level strains developed within the contact are 
likely to exhibit the same ratcheting strains that give rise to the flake-like particles 
that are the object of this research.  
In summary, this work presents methodologies to investigate plastic strain 
accumulation of the rail disc surface using the particles generated at different contact 
cycle intervals. These methodologies are naturally independent of the specific 
contact conditions simulated. Additionally, the information obtained from the flake-
like particles generated by the twin-disc test rig have been used to enhance the 
understanding of the complex wear mechanisms that typically exist in the rail contact 
interface 
 Experimental approach 6.3
The primary goal of the twin-disc test machine is to simulate wear conditions 
of the rail-wheel contact interface. The wear parameters were measured under 
nominally dry conditions using test rig as shown in Figure 6-1. A flat-profile rail disc 
with 6.5 mm line contact was used in the tests. The test-rig used relatively large discs 
(297 and 149 mm in nominal diameter) and both rail and wheel disc samples were 
casted and heat treated according to Australian Standards AS1085.1-2002 [17]. 
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a) b) 
Figure 6-1: Twin-disk test rig; a) test rig setup and b) test discs in contact 
 
The test-rig was operated under normal contact loads of 15 kN, equivalent to a 
maximum Hertzian contact pressure of 1307 MPa. Traction torques up to 115 Nm 
was applied to the rail disc. The rail disc rotated at a speed of 590 rpm during the 
tests and changes of radius were measured in real time using a CMOS laser sensor. 
The average sliding speed was 3.5 mm/s, with 30% higher sliding speeds observed 
within the initial contact cycles. The surface temperature was recorded using an 
infra-red thermometer. Furthermore, surface replication was conducted at every 
interval using Struers RepliSet F-5 in order to record the evolution of topography and 
surface damage. These surface replicas have been used to measure surface profile 
using Bruker Dektak XT profilometer. 
A small plate was placed right under the contact interface to collect the 
generated wear particles. These were collected at predefined sampling intervals to 
observe the development of the plastically deformed metal layer. The particles were 
then scattered randomly on an SEM stub and images captured using the backscatter 
electron signal in a Zeiss Sigma® field-emission scanning electron microscope 
(FESEM). This allowed recognition, by means of different contrast, of oxidized and 
metallic zones of the worn particles. The particles were imaged under ×100 to ×200 
magnifications, providing a suitable size for image processing. To determine the 
particle shape and size parameters, the images were processed using a particle 
analysis module in ImageJ v1.48. As shown in Figure 6-2 processing was conducted 
by selecting a cut-off threshold to identify the boundaries of single particles. The 
masked images were filtered to remove speckles and reduce noise. Element analysis 
Rail disc 
Wheel disc 
Shaft 
encoders 
Torque 
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was conducted using Oxford EDS. Finally, the particles were cross-sectioned using 
focused ion beam (FIB) milling with a 3D Quanta instrument. 
   
(a) Raw image (b) Threshold mask (c) Boundary outline 
Figure 6-2: The image-analysis process using ImageJ v1.48 
 
 Results and discussion 6.4
6.4.1 Particle topography and material composition 
The particles collected at the different cycle intervals are presented in Figure 
6-3 together with energy-dispersive X-ray spectroscopy (EDS) spot analysis using 
Zeiss Sigma FESEM. In the 10-thousand cycle interval, particles were predominantly 
metallic due to the running-in wear stage. After 17-thousand cycles, the rail disc 
surface started turning a brownish oxide colour, beginning from both edges of the 
contact and then spreading to the middle. The surface replica of the rail disc 
highlighted that more severe wear exists at both edges and develops toward the 
centre of the disc. Then, at the 50-thousand cycle interval, more oxide particles were 
observed. Interestingly, at the 500-thousand cycle interval, large flake particles were 
generated during the wear process. The statistical distribution of particle size (Feret 
diameter) is illustrated in Figure 6-4 
Some large fatigue particles were observed in the 10-thousand cycle interval 
as a result of the running-in wear mechanism, however there were not enough to 
provide meaningful statistical analysis of particle sizes distribution. EDS spot 
analysis on the particles confirms higher iron content in these particles. Later-
generated particles have more iron oxide in combination with metal flakes. Oxide 
clumps were observed in some intervals [Figure 6-3: c)]. It is proposed that these 
oxide clumps represent the early stages of extruded flake formation. The oxidation 
state was confirmed as hematite using XRD analysis of the particles. 
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Figure 6-3: EDS analysis result for the contact cycle intervals at: a) 10,000, b) 50,000 
and c) 100,000 cycles 
6.4.2 Oxidation wear process 
There is no single, unique wear mechanism acting on the wide range of 
operating conditions observed during the rolling contact process. Rather, there are 
several mechanisms which change in relative importance as the sliding/rolling 
conditions are varied. Local variations in micro-sliding give rise to different damage 
mechanisms at different locations within the same contact. These varying levels of 
localised micro-slip develop with time in concert with variations in height profile of 
the contacting surfaces. 
The main factors controlling local wear mechanisms are: mechanical contact 
stress, speed, oxidation process and temperature. Nearly all the metals form an oxide 
film in air, however the rate of film growth strongly depends on the surface 
temperature of the contact. Although the average rail/wheel disc sliding velocity was 
very low (3.5 mm/s) and the average bulk temperature was around 40
o
C, the local 
temperatures in the sliding zone are likely to be substantially higher than the 
surroundings due to localised asperity contact and transient flash temperature rises. 
a) b) c) 
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The estimation of these localised transient flash temperatures remains a difficult task. 
Nonetheless, particles ejected from the contact were hot enough to burn the paper on 
which they were collected. 
The particles generated in the later contact cycles have a thick oxide layer 
which, under the given operating conditions, could not have developed so rapidly 
without the existence of high contact flash temperatures. The following sections 
explore possible wear debris generation mechanisms in more detail. 
 
Figure 6-4: Particle size distribution variation with number contact cycles 
 
 
6.4.3 Plastic-deformation dominated wear characterised by wear debris 
sectioning 
Many different mechanisms [12, 18] have been proposed for the severe wear 
of metals and all involve plastic deformation to some extent. It is often difficult to 
isolate and distinguish all the wear mechanisms arising in the contact; however, 
careful investigation of the worn surfaces and wear debris can help to enhance 
understanding of the dominant ones. To this end, particles were collected and surface 
replicas were made at regular intervals and subsequently analysed. Studies with this 
sort of detail have not been conducted until now 
The common types of rail material often exhibit impurities of manganese 
sulphide (MnS) due to imperfections of the manufacturing process. The present 
authors have also observed such impurities in the rail material studied in this work. 
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Also, rail surface irregularities such as dents, scratches and higher surface roughness 
also lead to higher shear stresses in the subsurface compared to the surface [19, 20], 
giving rise to more severe deformation in the subsurface. In rolling and sliding 
contacts, repetitive shear strain accumulation at the surface and subsurface is called 
ratcheting. 
Pearlitic steel is comprised of ferrite and iron II carbide lamellar structures. 
Consequently, as the soft ferrite boundaries shear with continuous loading, inter-
lamellar spacing is reduced and the material resists plastic deformation. This is 
known as the work hardening process. According to the delamination wear theory, 
accumulation of the plastic strain around hard particles like MnS or iron (II) carbides 
could possibly lead to the nucleation of voids in the subsurface due to high plastic 
strain accumulation. Repetitive rolling /sliding contact leads to further accumulation 
of shear strain and the formation of shear planes with nucleated voids that elongate 
into cracks, up to a critical length where they may intersect with surface cracks. 
Subsequently, the fractured metal layer separates from the bulk as a fatigue chunk 
particle. 
Continuous rolling/sliding conditions dissipate considerable amounts of heat 
to the system which intensifies oxidation. The damage mechanism then shifts to a 
predominantly surface fatigue/sliding wear mechanism. The primary observation of 
the sectioned particles was the existence of metal slivers in later contact cycles, 
rather than the fatigue chunk particles seen in the first 10-thousand cycles. In this 
research mainly three types of particle generation mechanisms were identified: 
junction failures of asperities, filmy wear, surface and subsurface ratcheting. These 
hypothesised mechanisms are explained as follows. 
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6.4.3.1 Type I: junction failure and transfer particles 
This hypothesis explains that contact of asperities with sliding initiate 
junction failure. Figure 6-5 illustrates initial asperity break down to the development 
of transfer particles. The surfaces are being oxidised as the number of contact cycles 
increases. Junction failures have also been observed on later contact cycles as well. 
This could be triggered by the surface irregularities developed result of plastic 
deformation at the surface. However, these failures appear at the asperity peaks 
illustrates initial asperity breakdown and the development of transfer particles. The 
surfaces are being oxidised as the number of contact cycles increases. Junction 
failures have also been observed in later contact cycles. This could be triggered by 
 
 
 
 
 
Figure 6-5: Junction failure mechanism at the rail/wheel interface 
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the surface irregularities developed as a result of plastic deformation of the surface. 
These later failures, however, appear at the asperity peaks. 
The larger particles were generated by the agglomeration and compaction of 
smaller oxide particles. The process begins with asperity breakdown and surface 
fatigue wear of the substrate material with particles that transfer onto the wheel disc 
surface and then get oxidised again, subsequently transferring back to the rail disc 
surface under the same mechanism. This process continues until a large flake-like 
particle is no longer able to be supported by adhesive forces, thus peeling off from 
the disc surface. These mostly ceramic particles could act as third bodies, either 
accelerating wear by abrasion, or acting as a friction modifier with protective 
qualities. The mechanism just described can give rise to very large flake particles, 
especially when there is enough incubation time for them to develop (i.e. 300-and 
500-thousand contact cycles). 
The surface replication of the rail disc was conducted at predefined intervals 
in order to track surface damage. The replicas provide evidence to support the wear 
mechanism hypothesis. As shown in Figure 6-5: c), fragment and lamellar debris 
adhered to the rail disc surface even after the standard cleaning process. Where 
material has been removed from the disc surface, replication material fills into the 
voids. These filled voids take the same shape of the particle topography which is 
observed for the specific time instant Figure 6-5: d)). 
During an experiment the test was stopped at regular intervals, thus 
interrupting the incubation of large extruded flakes, and the wheel discs were cleaned 
to remove any loosely attached particles. The particles were often covered with 
clumps of oxide dust which could be easily scraped from the contact interfaces, as 
shown in Figure 6-5: e). The collection and analysis of the clumped particles showed 
that they were comprised of agglomerated debris. This type of particle was observed 
in some other cycle intervals as well. The authors hypothesise that these clumps 
represent the initial stage in the formation transfer particles. Some debris clumps can 
adhere and grow in the surface depressions until wear causes the particles to flatten 
and eventually detach as flakes. 
Early theories of sliding wear by Hutchings and Sasada [11, 12] suggest that 
material is removed as a lump or fragment from the asperity peak by an adhesive 
process under pure sliding. In the current research, evidence of this mechanism was 
apparent in the rail disc surface during some contact cycles under rolling/sliding 
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conditions. However, current research findings strongly explicate generation of the 
extruded flake-like particles and development of large flakes with contact cycle 
interval. 
According to theory [11, 12], initial asperity-contacts lead to junction failure 
as a result of the running-in wear process under pure sliding. However, this theory 
doesn‘t entirely explain how large metallic particles observed in the initial contact 
interval (10-thousand cycles) were formed. But a combination of the delamination 
wear theory [21, 22] and adhesive wear can provide a reasonable explanation of what 
might be happening in the rail/wheel contact interface. 
6.4.3.2 Type II: metal substrates development 
It is a classical explanation that strain accumulation at the surface leads to 
substrate material slivers which are widely recognised as metal tongue lipping in the 
rail/wheel interface. This process leads to surface pitting as well as oxidation of the 
deformed surface. The metal slivers detach from the surface once the critical strain 
accumulation condition is reached. As explained in Figure 6-6, the generated 
particles are picked up between the contact surfaces, compressed and rolled into 
shapes akin to corn flakes primarily composed of oxide. Extensive studies of the 
flake-like particles have been conducted using Quanta 3D FIB milling and it has 
been observed that metal slivers are embedded within the compacted oxide debris. 
  
Figure 6-6: Metal sliver generations due to near surface delamination 
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The FIB milling was conducted along transverse and longitudinal slip 
direction to observe the accumulation of plastic strain. According to Figure 6-7, 
strain accumulation in the longitudinal direction aligns with slip planes near the rail 
disc surface. However, in the transverse direction, thinning of the shear planes near 
the surface is also observed. Dark grains Figure 6-7 represent cementite and they are 
generally not continuous in the deformation direction. Therefore, as explained in 
Figure 6-6 represent cementite and they were not continuous in the deformed 
direction. Two surface cracks can propagate along deformed grain boundaries and 
could intercept through ferrite grains in the deformed boundary due to the three-
dimensional nature of crack growth. This phenomenon will generate large surface 
fatigue particles by leaving spalls at the surface.  
A common practice [23, 24] for observing surface and subsurface crack 
formation is to section the wheel or rail disc at the end of a test. This practice only 
reveals the final damage condition but doesn‘t explain how surface or subsurface 
delamination develops throughout the experiment with increasing number of contact 
cycles. The methodology presented in this paper addresses this by providing more 
information about the progression of wear and, consequently, the fundamentals of 
delamination wear theory. 
6.4.3.3 Type III Subsurface delamination 
Repeated shear stress loading can result in intense plastic strain accumulation 
in the subsurface, as illustrated in Figure 8. When the plastic deformation exceeds the 
 
 
 
Figure 6-7: Strain accumulation of fatigue particle at longitudinal and lateral direction 
(Gallium ion beam can form channelling contrast 4 times greater than 
backscatter image) 
Thinning of 
shear plain 
Directional shear plain 
accumulation 
a) 
b) 
c) 
Transverse 
direction 
Longitudinal 
direction 
Ph.D. Thesis – Queensland University of Technology Asitha C Athukorala 
 
149 
 
endurance limit of the material a crack can nucleate in the subsurface. This 
phenomenon can be observed at depths ranging from 50 to 800 μm depending on the 
loading, sliding and friction conditions at the rail/wheel interface. The authors also 
hypothesise that sub-surface crack development may not necessarily be attributed to 
ratcheting but due to the presence of inclusions, voids and other defects. 
The origins of subsurface cracks due to rolling contact fatigue in the 
rail/wheel contact interface are still to be fully elucidated. Many hypotheses have 
been highlighted in the literature about crack nucleation. Bandula-Heva et al. [25] 
experimentally measured the strain behaviour of the rail head. Under low traction 
conditions (friction coefficient tending to zero )in lateral direction, major shear strain 
accumulation can occur in the subsurface, while the Type II wear mechanism can be 
observed near the surface in the longitudinal direction. By considering the available 
literature [20, 26], various authors hypothesise that intense strain accumulation at the 
subsurface (arising from the loading conditions) can result in dislocation 
multiplication in the ferrite grains in proximity to the cementite boundary, nucleating 
voids that grow into a crack and finally lead to surface delamination. The initial wear 
process eliminates the original asperities and smooths the surface, potentially 
favouring subsurface crack nucleation in the presence of non-metallic inclusions. 
  
Figure 6-9: Hypothesis of subsurface crack nucleation at subsurface 
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Figure 6-9: Lateral strain (transverse) along center line of the rail head at 130.7 kN 
wheel load (adapted from [25] with permission) 
Extensive investigation has been conducted on strain accumulation in the rail 
head by Bandula-Heva et al. [25]. In this work, the particle image velocimetry (PIV) 
technique was used to measure bi-axial strains in the rail head in a full-scale test rig, 
representing a novel approach to understanding the deformation behaviour in the rail 
head. As shown in Figure 6-9, lateral strain of the rail head was investigated using 
PIV and FEM and, in both cases, significant strains were observed in the subsurface. 
It is worth noting that peak strain may observe approximately 500 μm below the 
surface. Strain accumulation near the surface of the rail head can also be observed in 
the Figure 6-9. From wear experiments, the fatigue particles generated under the 
RCF test conditions indicate ratcheting accumulation at the surface. Consequently, 
cross-sections of the wear particles have the potential to provide great detail about 
the fatigue wear mechanisms. 
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In summary, after the running-in wear stage, the surface ratcheting 
mechanism dominates damage of the contact interface. Subsequently, adhered oxide 
particles and the debris layer can enhance localised shear strain accumulation near 
the surface due to artificial surface irregularities capable of intensifying the shear 
stresses. Moreover, these adhered lump particles and rapid oxidation layers modify 
the surface conditions. The continuous development of strain accumulation with 
contact cycles predominantly contributes to the generation of metal slivers within the 
contact interface. These third bodies may also act to lubricate the contact by 
suppressing metal to metal contact. Most rail/wheel contact interfaces are under the 
dry lubricated conditions and reflect the wear mechanisms just described. In the 
experiments conducted, the authors observed that sliding between the contact 
interfaces diminished slightly with the progression of the wear mechanism. This 
  
Figure 6-10: Compacted porous flake like particle 
  
Figure 6-11: FIB milling shows compaction of particle with metal flakes at: a) 500- 
and b) 300-thousand contact cycles under the back scatter image 
a) b) 
Compacted 
Oxide Layers 
a) b) 
Metal Debris 
Oxide Oxide 
Metal Debris 
Pt 
Pt 
Chapter 6: Part I- Wear Debris Generation Mechanism at Rail/Wheel Contact Interface 
152 
 
supports the observation that no more large fatigue chunks are generated in the later 
contact cycles. 
The wear hypothesis presented is further strengthened by the sectioning of the 
flake-like particles using Quanta 3D FIB milling. Such a technique has not been used 
before to assess wear particle evolution. The cross-sections of the particles are shown 
in Figure 6-10. These appear to be composed of compacted, porous, brittle layers, as 
expected from the hypothesised mechanism of wear particle formation. Further 
investigation of the sectioned particles reveals that some particles contain metallic 
debris as well as compacted oxide. The metal flakes originate from the disc surface 
due to surface fatigue. Metallic debris covered with oxide on both sides is shown in 
Figure 6-11. 
A transfer process is responsible for producing such stratified and compacted 
particles. Sliding wear particles were identified during the investigation from the 
linear surface features that could be observed on the particle surface, as illustrated in 
Figure 6-12. However, a cross section of the particle revealed that the particle 
consisted of compacted oxide. The particle therefore did not arise by means of 
discrete separation from the disc surface. Instead, multiple lumps of the oxide were 
compressed though the contact interface, thus imprinting the sliding morphology of 
the disc onto the extruded flake. If these features had been generated by means of 
fatigue, the particle would have exhibited some strain accumulation at the cross 
section, as illustrated in Figure 6-7. The size of the particles increased with thickness. 
In the 500- thousand contact cycle interval, some particles exceed major diameter of 
1 mm and thickness of around 15 µm. This reflects that more incubation time reflects 
greater opportunity to develop the larger particles with thicker metal debris. 
The cross-sections of the particles enhance the understanding of the particle 
generation mechanism during the rolling and sliding contact. This is in contrast to 
some researchers who identify such particles as delaminated, fatigue or sliding wear 
particles. In reality they are oxide and metal debris compacted and extruded through 
the contact, on which surface features get imprinted, as shown in Figure 6-12. 
Although such a mechanism for particle formation has been proposed decades ago 
[11, 12], it was never proven until this point. 
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Figure 6-12: Evidence that sliding wear marks are imprinted from the disc surface 
during compaction 
In summary, the aggregated oxide clumps are trapped and flattened at each 
cycle, potentially accelerating the ratcheting mechanism that produces debris in the 
first place. A final comment is that the particles collected during the wear test may 
not be exactly the same as particles which leave the surface due to the collection 
method which may cause additional deformation and cracking, as may be observed 
for example in Figure 6-12: b) and c). 
6.4.3.4 Edge damage Evolution of rail disc 
    
    
Figure 6-13: Damage propagation of the rail disc at boundary 
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pressure at the edges of the contact can arise. Consequently, the edges start showing 
plastic deformation which can be captured using a surface replication technique. 
Surface replicas reveal damage and other key features during the contact 
period under observation. The disc edges endure higher stress and damage, which 
subsequently develops towards the centre of the disc. The replicas clearly show wear 
propagating from the rail disc edge, as shown in Figure 6-13. This reflects a multi-
pass damage mechanism, where thin surface layers are removed continually in 
balance with the accumulating plastic strain. This data can be used for further 
quantitative analysis of edge wear damage due to improper profile corrections. 
When oxidation is introduced to the system, the fatigue damage mechanism is 
over-ridden, as the oxides act as friction and slip modifiers. Moreover, strain 
accumulation occurs close to the surface as a result of a combination of the 
developed roughness and micro-slip. Accumulation of plastic strain therefore 
requires greater number of rolling/sliding contact cycles. Plastic flow of the rail disc 
surface may be observed in the form of grooves, as shows in Figure 6-14: a). 
Moreover, the surface accumulated strains release metal slivers and leave behind side 
flows that have been identified as filmy wear. These can potentially develop into 
surface fatigue cracks with continuous loading cycles (refer Figure 6-14: b)). Further 
quantitative analysis of the phenomenon would require more detailed investigations 
on the effects of roughness modification of the contact surfaces, end profile 
correction, loading conditions and material properties, etc. 
  
Figure 6-14: Plastic accumulation of the surface profile; a) plastic deformation at rail 
disc surface at 0.5 million cycles and b) surface cracks develop due to 
filmy wear 
Plastic flows at 
500-thousand 
a) 
Surface Fatigue 
Cracks at 
1 million cycles 
b) 
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6.4.3.5 Edge damage evolution of wheel disc 
Surface replicas of the wheel disc clearly demonstrate wear propagation at the 
contact interface. As shown in Figure 6-15, surface peaks are worn off with initial 
contact and accumulation of plastic strain from the edge with increasing number of 
contact cycles. The authors have selected a wheel surface profile that makes it easy 
to track the progression of wear. As Figure 6-13 illustrates, by the end of the 
running-in stage at 10-thousand cycles, the peaks are worn off and the contact region 
starts to plastically deform. Initially, at the one thousand cycle interval, dominant 
sharp peaks are flattened off, and after 10-thousand cycles, lateral plastic 
deformations squeeze the edges away. Subtle surface variation exists in the worn 
surface but is difficult to observe at this scale. Therefore, surface replica can be used 
as post processing technique of surface in wear analysis. 
 
Figure 6-15: Wheel disc profile evolution with the contact cycle interval at the 
boundary 
Here we expound that generation of wear particles strongly depends on the 
wear mechanism of the contact interface. The wear mechanism shifted with damage 
accumulation and oxidation from subsurface to surface dominated. Surface 
replication and ion milling techniques reveal significant information about the 
particle generation mechanism to prove the existence of the hypothesis of wear 
particle generation and enhance understanding of the wear mechanisms of rail/wheel 
interface. It further provides insight into subsurface crack initiation mechanism by 
considering current literature and research outcomes. 
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 Conclusions 6.5
The present research has confirmed the hypothesised mechanism of flake-like 
particle generation using cross-sectioned wear particles and surface replication 
performed at predefined intervals under dry rolling-contact conditions. Experimental 
evidence shows the existence of surface delamination in rolling/sliding contacts, as 
suggested by Suh [13, 22] for pure sliding contacts. However, it is difficult to 
observe subsurface crack nucleation leading to delamination of fatigue particles due 
to the limitations imposed by the test conditions. To resolve this problem, wear 
particle sectioning can be used as a non-destructive test method to trace the 
accumulation of plastic strain with number of cycles. 
The flake-like particle generation mechanism is clearly identified using particle 
sectioning methodology and intermittent surface replicas. The underlying mechanism 
of wear particle formation is similar to the hypothesis suggested by Hutchings and 
Sasada [11, 12] under sliding wear conditions. However, a more advanced 
mechanism exists that has been revealed with sectioned particles generated under the 
condition of rolling/sliding conditions, as explained earlier. 
The replicas provide useful information about the disc‘s surface evolution and 
the associated damage phenomena like: junction failures, delamination wear, filmy 
wear and transfer particle wear debris. Subsurface crack nucleation mechanisms have 
also been proposed based on the evidence obtained from the wear particle sections. 
The cross-sectioned particles provide significant information on oxide and metal 
debris compaction, oxide clumps before compactions, and extruded particle 
morphology, etc. Furthermore, in the study, every stage of wear development was 
observed thanks to frequent sampling during the wear experiment. In summary, this 
research provided strong experimental evidence to justify and explain the mechanism 
of flake-like particle generation. 
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Abstract  
Particle analysis methodology is presented, together with the morphology of 
the wear debris formed during rolling contact fatigue. Wear particles are 
characterised by their surface topography and in terms of wear mechanism. Rail-
wheel materials are subjected to severe plastic deformation as the contact loading 
progresses, which contributes to a mechanism of major damage in head-hardened rail 
steel. Most of the current methodologies involve sectioning of the rail-wheel discs to 
trace material damage phenomena such as crack propagation and plastic strain 
accumulation. This paper proposes methodology to analyse the development of the 
plastically deformed layer by sectioning wear particles using the focussed ion beam 
(FIB) milling method. Moreover, it highlights the processes of oxidation and rail 
surface delamination during unlubricated rolling contact fatigue. 
Keywords: Wear particle, FIB milling, hardness, rolling contact fatigue, railway 
 Introduction 6.6
The evolution of damage in the rail-wheel contact interface is a critical aspect 
in the railway technology field, as any new understanding potentially enhances 
opportunities for effective preventive and corrective maintenance in industry. The 
main source of damage and wear arises from repetitive plastic deformation of the rail 
surface, also known as ratcheting, which contributes to defects and ultimately the 
formation of wear particles. This phenomenon has been investigated empirically and 
simulated numerically using non-linear material models. The hardened plastically 
deformed layer has been observed on worn rail samples under excessive braking and 
acceleration and is often named the white etched layer (WEL). As the name suggests, 
this phenomenon produces a layer that has a white appearance when analysed 
microscopically, and is typically found in generated wear particles. This type of wear 
is important as it‘s commonly due to the severe plastic deformation of rail materials. 
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Its microstructural properties include very hard martensite in combination with 
pearlite, which can lead to hardness values up to 1300 HV (Vickers Hardness). 
Furthermore, researchers have concluded [1] that the cause is due to surface 
temperatures generated by the wheel-rail contact. This is generally in the region of 
up to 700
°
C under intense localised wheel-rail sliding. Rolling contact fatigue cracks 
on the rail surface have also been linked with the WEL [2, 3] and they are identified 
as studs [4]. Many research methodologies [5] involve the examination of rail disc 
cross-sections at the end of twin-disc tests. Detailed analysis of the formation of the 
WEL during repeated contact loading cycles is difficult as it is not possible to section 
the rail discs during the same test. Consequently, this research proposes a new 
methodology to study the development of the plastically deformed layer using the 
wear particles generated during rolling contact fatigue experiments. This approach 
has the potential to greatly enhance the understanding of various related phenomena, 
including the formation of material damage and crack initiation in the rail-wheel 
contact interface. 
 Experimental method 6.7
A twin-disc test rig was used to simulate the rail-wheel contact interface and 
the generated particles were collected at predefined sampling intervals to observe the 
development of the plastically deformed metal layer. The particles were cross-
sectioned using a Quanta 3D Focused Ion Beam Milling (FIB) instrument and the 
hardness of the particles was measured using a berkovich tip (~150 nm tip radius) in 
a Hysitron Triboindenter (TI950). The data were then analysed for each separate 
interval. 
Initially, the collected particles were stored in a dehumidified cupboard to 
control further oxidation until the ion milling process could take place. Particles were 
randomly distributed on an adhesive-lined stub after being blown with compressed 
air to remove any loose particles. This stub was then placed in the FIB instrument to 
complete the milling process. The areas of greatest interest were selected based on 
the presence of metal particles according to backscatter electron images. 
Furthermore, a platinum layer was deposited on the particle in order to reduce any 
curtaining effects and limit further damage to the sectioned surface, as shown in 
Figure 6-14 a). The regular cross-section used a 5 nA aperture to accelerate the 
milling process. Further apertures of 1.0 and 0.5 nA were used to perform cleaning of 
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the cross-section to achieve a finely polished surface for proper channelling contrast. 
A number of particles were sectioned to confirm repeatability of the results. As the 
particles were largely composed of iron-oxide material, the test-samples were prone 
to becoming positively charged, which sometimes caused difficulties with the milling 
process as the quality of the ion image was unstable. 
  
a)  b)  
Figure 6-16: Particle sectioning process; a) Pt layer deposition; b) subsequent 
sectioning with FIB mill 
Another sample of the particles was rigidly mounted on a metal stub/epoxy 
mount in order to perform nano-indentation. The surface irregularity and porosity of 
the worn particles has a negative effect on the single indentation process. Therefore, 
a partial loading function was used to perform the indentations. This function was 
applied using 33 loading cycles and 50% of each unloading cycle segment. Before 
making the indentation, particles were observed using an optical microscope to 
determine the high contrast regions of the particles where more metallic material 
existed. Indentation was performed at these selected locations with the use of 
automated indentation arrays. The machine has a load limit of 10,000 µN and 5 µm, 
therefore there was the possibility that the indentation might not be able to reach the 
desired depth in the particle. 
 Results and discussion 6.8
The collected particles at each interval were sectioned to produce electron 
and ion images that are illustrated in Figure 6-15. According to these images, the 
particles generated after 10-thousand cycles were primarily metallic (Figure 6-15 a), 
and plastic accumulation can be observed in the ion image after sectioning (Figure 
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6-15 b). This was due to the directional deformation in the grains which is enhanced 
by using channelling contrast. Furthermore, it is evident that there are cracks aligned 
with the deformation. The hypothesis of the authors is that these are surface initiated 
cracks due to large plastic strain accumulation, specifically during the initial contact 
cycles. In the 50-thousand cycle interval, oxidation has taken place on the disc 
surface as apparent from the oxide content of the wear particles. The metallic 
inclusions (flakes/slivers) are debris from the disc surface that is consistent with the 
surface properties of the rail-wheel material. Overall, Figure 6-17 shows the structure 
and metal/oxide content in the wear particles during the experiment. At the 500-
thousand cycles and beyond, the particles were severely oxidised and had become 
more porous. Consequently, nano-indentation was not possible due to the brittle 
nature of these particles. 
In theory, the material plastically deformed with an increase in contact cycles 
and a combination of thermal effects. A hardened layer is therefore accumulated in 
the rail-wheel contact interface potentially leading to severe damage in the rail 
material surface. Interestingly though, this surface layer is not evident in all cases 
[6], as the deformed layer can wear off before reaching the critical state. Researchers 
[7] have attempted to study and produce numerical models to reflect this 
phenomenon, which can significantly reduce the life span of the rail material. Twin-
disc testing will generate a considerable thermal effect due to the repetitive and 
adherent nature of the disc surfaces, which would help recreate any thermal effects 
occurring under more severe railway operating conditions. 
 
   
a) 10-thousand cycle 
interval (electron) 
b) 10-thousand cycle 
interval (ion) 
c) 50-thousand cycle 
interval (electron) 
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d) 50-thousand cycle 
interval (ion) 
e) 100-thousand cycle 
interval (electron) 
f) 100-thousand 
cycle interval 
(ion) 
   
g) 300-thousand 
cycle interval 
(electron) 
h) 300-thousand cycle 
interval (ion) 
i) 500-thousand 
cycle interval 
(electron) 
 
 
 
j) 500-thousand 
cycle interval (ion) 
k) 1000-thousand cycle 
interval (electron) 
l) 1000-thousand 
cycle interval 
(ion) 
Figure 6-17: Ion milled particles at predetermined contact cycle intervals 
showing variations of oxide and metallic composition  
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The particle features were characterized using ImageJ software. The average 
thicknesses of the particle and metal inclusions were measured and tabulated in 
Table 6-1. 
Table 6-1: Average particle and metal inclusion thickness  
Cycle interval  
(×10
3
) 
Average metal inclusion 
thickness (μm) 
Average particle 
thickness (μm) 
50 0.743 4.05 
100 0.229 3.76 
300 0.420 1.86 
500 3.166 16.94 
1000 0.196 5.12 
Metal debris at 50-thousand cycles has a thicker layer which may have 
resulted due to a combination of initial metal fatigue and oxidation. But as wear 
progresses, particles become more oxidised and less of the metal layer exists. For 
example, after 100-thousand cycles, more of the particles consisted of brittle iron 
oxide and the thickness of any metal layers was much lower. As the number of 
contact cycles progresses, plastic strain accumulates and surface temperature rises 
which leads to further oxidation. As a result of this wear mechanism, the thickness of 
the metal debris in the worn particle increased with the number of contact cycles.  
 
Figure 6-18: Particle size distribution variation with number contact cycles  
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A statistical analysis of the particle size distribution over each contact interval 
is illustrated in Figure 6-17. After 500-thousand cycles, larger wear particles detach 
from the surface, as shown in Figure 6-18, resulting in a considerable deformed 
metal layer being removed from the rail-wheel discs. Furthermore, it is evident in 
Figure 6-17 i) that the average metal flake thickness of the worn particles was above 
3 μm, suggesting a relatively deep surface delamination had taken place. The worn 
particles were more porous and brittle towards the final contact intervals. Some 
metallic debris was evident but oxidation dominated the surface metal wear process 
as a result of the higher surface temperatures. 
Multiple indentations were made on the wear particles at each interval to acquire the 
hardness profile of the particles. The surface irregularities and brittleness of these 
particles caused an initial error on some results.  
The average hardness distribution of the particles at each contact interval is 
illustrated in Figure 6-19. As expected, hardness increased with an increase in the 
number of cycles due to development of the work hardened layer. However, it was 
difficult to reach the desired indentation depth due to limitations with the nano-
indenter‘s maximum load capability. Some particles presented a thin oxide layer 
even when the surface was bright and reflective when observed in the optical 
microscope. As shown in Figure 6-18, the hardened metal debris layer thickness is 
75-125 nm. These irregular metal slivers are shown in each cross-section in Figure 
6-17. Every indentation had been developed through the metal layer, except for the 
10-thousand-cycle interval particles as hardness considerably dropped when the 
indenter reached the oxide region through the metal layer. Overall, the data shows 
that the rail-wheel disc surface developed a hardened layer, as a result of both plastic 
accumulation and thermal effects. 
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Figure 6-19: Average hardness measurements of the wear particles with 
indenter penetration depth 
According to the particle‘s characteristics, a severe oxidation process has 
influenced the wear mechanism of the rail-wheel contact interface. However, the 
hardened metal debris shows resistance to oxidation due to its deformed and irregular 
structure. Furthermore, cross-sectioning revealed crack formation due to the 
brittleness of the oxide layer. Consequently, such behaviour accelerates the 
frequency of oxidized particle generation during the contact intervals. Surprisingly, 
as shown in Figure 6-17, particles were oxidized at each plane. The authors‘ 
hypothesis is that particles were oxidized after the delamination process, mainly due 
to higher contact surface temperatures and oxide powder which was pressed and 
rolled into the larger and irregular particles as they squeezed through the contact 
zone. Furthermore, this hypothesis proved the occurrence of thin metallic layer of 
debris that was identified during the sectioning process. This debris contains thin 
delaminated metal particles from the disc surface which is covered with an oxide 
layer, as shown in Figure 6-20: Typical debris morphology: a) electron image of 
particle in plain view; b) sectioned view of particle showing metallic and oxide 
layers. Therefore, these particles are holding metallic delaminated fatigue flakes 
arising due to the development of plastic accumulation on the disc surface. 
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a)  b)  
Figure 6-20: Typical debris morphology: a) electron image of particle in plain 
view; b) sectioned view of particle showing metallic and oxide layers  
 Conclusions 6.9
The present research has attempted to quantify and correlate particle 
generation in terms of the wear mechanisms using detailed particle analysis; 
representing an approach which has not been found in the current literature. The 
sectioned particles provide significant information about the generation of metal 
debris, oxidation, actual morphology metal debris, critical ratcheting and 
delamination depths at the surface. Furthermore, this study showed the development 
of the deformed hardened layer over a number of cycles. Severe delamination was 
observed with accumulated damage after the 500-thousand cycle interval. In 
summary, although the approach presented is time consuming, it is highly effective 
in characterising the damage mechanisms at different stages of the wear process. 
Acknowledgment 
This investigation has been performed with the assistance of the Banyo Pilot 
Plant Precinct and the Institute for Future Environments (IFE) at Queensland 
University of Technology. The authors would like to thank the staff of the IFE for all 
their technical support. 
  
Ph.D. Thesis – Queensland University of Technology Asitha C Athukorala 
 
169 
 
References  
[1].S. Pal, W.J. Daniel, C.H. Valente, A. Wilson, and A. Atrens, Surface damage on 
new AS60 rail caused by wheel slip. Engineering Failure Analysis, 2012. 22: 
p. 152-165. 
[2].R.I. Carroll and J.H. Beynon, Rolling contact fatigue of white etching layer: Part 
1. Crack morphology. Wear, 2007. 262(9-10): p. 1253-1266. 
[3].L. Wang, A. Pyzalla, W. Stadlbauer, and E.A. Werner, Microstructure features 
on rolling surfaces of railway rails subjected to heavy loading. Materials 
Science and Engineering: A, 2003. 359(1–2): p. 31-43. 
[4].S.L. Grassie, Studs and Squats: the evolving story, in 10th International 
Conference on Contact Mechanics, CM2015, Colorado Springs, Colorado, 
USA2015. 
[5].S. Pal, W.J.T. Daniel, and M. Farjoo, Early stages of rail squat formation and the 
role of a white etching layer. International Journal of Fatigue, 2013. 52: p. 
144-156. 
[6].Y.M. Makoto ISHIDA, Detection of White Etching Layer Causing Rail Defects, 
in 10th International Conference on Contact Mechanics, CM2015, Colorado 
Springs, Colorado, USA2015: Colorado Springs, Colorado, USA. 
[7].G.M. C. Bernsteiner, A. Meierhofer, K. Six, D. Künstner, P. Dietmaier, 
Development of White Etching Layers on Rails:Simulations and Experiments, 
in 10th International Conference on Contact Mechanics, CM2015, Colorado 
Springs, Colorado, USA2015. 
 
 

Chapter 7: Surface roughness evolution of rail disc 
170 
 
7 A Non-Destructive Methodology for the Measurement of 
Surface Attributes on the Rail/Wheel Contact Interface 
Reproduced with permission from: Asitha C Athukorala, De Pellegrin D.V. and 
Kyriakos I. Kourousis, Proceedings of the Institution of Mechanical Engineers, Part 
F: Journal of Rail and Rapid Transit, ISSN: 20413017, (Under review). 
Abstract  
This experimental study investigated the evolution of the parallel grinding 
facets of rail under various contact load cycles. A test campaign was conducted on a 
twin disc test rig. Surface profile data have been collected through an innovative 
replication method. Three-dimensional surface parameters were measured to assess 
the correlation between wear rate and surface roughness. The results obtained from 
this preliminary investigation have showed that this experimental methodology has 
the capacity to identify surface fatigue damage mechanisms critical for rails. A 
potential extension of this methodology in actual traffic field monitoring is possible. 
Keywords 
Surface roughness, rail/wheel interface, replica, wear, surface fatigue 
 Introduction 7.1
Head-hardened rail is utilised in heavy haul freight train transportation. This 
material is subjected to high axle load and consequently it is prone to plastic 
deformation and rolling-contact fatigue (RCF). Failure mitigation efforts include 
condition monitoring that identify and measure RCF and gauge corner cracks being 
developed in high curvature areas. Moreover, rail grinding techniques are employed 
to control the material wear mechanisms by removing surface and subsurface 
initiated cracks. Grinding practice alters the surface roughness and residual stress to 
the rail surface. Height profiles are worn-out shortly, if grinding facets are 
perpendicular to running direction [1]. However, this practice can lead to severe 
plastic deformation in the subsurface, a phenomenon detrimental for the rail life, 
especially in areas of sharp curvature. Past studies have highlighted the negative 
effect of initial surface roughness on the surface and subsurface damage under 
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various contact loads [2]. One of the factors impeding progress in understanding 
these phenomena is the unavailability of published data, especially with regards to 
intermediate measurements of the surface in twin disc tests.  
This paper intends to inform the research community and the industry on: 
 The early findings obtained from an on-going test campaign conducted on 
twin disc configurations under dry lubrication conditions. This set of results 
extends the existing literature. 
 The implementation of an innovative experimental methodology for the 
acquisition of accurate surface profile data at intermediate contact cycles. 
This methodology has a negligible impact on the wear mechanism itself and 
is potentially applicable in actual field measurements. 
 Experimental methodology and setup 7.2
A wear test was performed with the use of a twin-disc test rig. The rail disc had 
an initial roughness of 0.75 μm and was subjected to a line contact load of 
2.3 kN/mm. The evolution of surface roughness was traced through a process 
replicating the surface profile. In particular, surface replicas were collected at 
predefined intervals with a RepliSet-F5; two part silicon rubber; with the surface 
parameters measured with a Bruker Dektak XT profilometer. The specific wear rate 
at contact interface was calculated with the use of Archard‘s wear law [3]. 
The surface replication technique has been used extensively in non-destructive 
metallographic analysis of surface topography, microstructure analysis, surface 
damage measurement, etc. Surface replicas can be used to trace very small variations 
in the surface topography having the distinct advantage of continuous monitoring of 
the obtained measurements [4, 5]. Three-dimensional (3D) surface profile parameters 
are more appropriate to analyse the surface wear characteristics, when compared to 
two-dimensional (2D) surface profile parameters. A plateau-like surface and a 
surface with peaks can have an identical mean average roughness (Sa) and root mean 
square roughness (Sq) [6]. Therefore, the height parameters alone are not capable to 
reveal the actual (3D) surface features. To this end, the replicas can be used to obtain 
comprehensive surface parameters. To the best knowledge of the authors, the surface 
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replication methodology has not been used in the context of rail/wheel contact wear 
measurements. 
The surface roughness and rail profiles were recorded after each 
preventive/corrective grinding interval in order to confirm the quality of the ground 
surface. In parallel, in-field surface replication was conducted, with normal 
roughness measured with a Talysurf Surtronic 3+ stylus profilometer following the 
facilitation of preventive grinding. 
 Results and discussion 7.3
7.3.1 Surface roughness evolution  
According to previously published research, the roughness should follow an 
exponential decay and stabilise at lower roughness in perpendicular grinding facets 
[1]. However, in this study it was found that parallel grinding facets may exhibit 
random roughness. Table 6-1 presents the roughness parameters recorded from the 
collected replicas. The height profile parameters provide basic surface topology in 
surface analysis. The hybrid parameters [6] presented in Table 6-1 are useful for 
tribological studies in assessing surface coating, adhesion and measuring the real 
contact area. One the most commonly used set of profile parameters is the bearing 
ratio or Abbott-Firestone curve [6]. The material volume at the surface topology and 
the void volume can be measured with 3D functional parameters. These functions 
have a close connection with friction, wear and fluid retention attributes of the 
surface. Moreover, it is noted that the 3D surface readings (Table 6 1) can act as 
input data in wear analysis models, such as the Linins or Paggi and Ciavarella wear 
models [7, 8]. 
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a) Initial b) 10,000 cycles 
  
c) 50,000 cycles d) 100,000 cycles 
  
e) 500,000 cycles f) 1,000,000 cycles 
Figure 7-1: Three-dimensional (3D) profile scans of the rail disc surface under various 
contact cycles. 
Figure 7-1 presents the evolution of the rail disc surface profile with the 
number of contact cycles, where one can clearly distinguish the wear of initial peaks 
and the porous surface characteristics with oxidation and wear. Surface topology can 
also identify and measure the surface asperity distribution, which is a main 
contributor to the contact mechanics of the rail/wheel interface. The actual contact 
area depends primarily on the density and radii of the summits that occur during 
surface wear [8]. Higher mean summit radius is linked to a higher contact area, 
which reduces the average shear stress and the wear rate. Further investigation of the 
link between surface profile, wear and particle generation is essential in 
understanding fatigue behaviour. Figure 7-2 presents the average roughness, micro 
slip and the specific wear rate as a function of Million Gross Tonnes (MGT). The 
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average roughness provides information on the amplitude profile of the surface, 
nevertheless this parameter alone cannot be used to differentiate surfaces. However, 
the combination of other surface attributes can be used to describe the topography of 
the surface at different contact cycle intervals. As presented in Figure 7-2, a higher 
wear rate was exhibited initially due to the high micro-slip in the contact interface, 
which consequently stabilises at a lower wear rate.  
7.3.2 In-field surface replication  
In-field surface replication has been conducted after preventive grinding 
interval and surface fatigue cracks, nine months after the grinding on the same rail 
curve. The surface replications have been performed on the rail gauge face as shown 
in Figure 7-3. The measured 3D average roughness was 21 μm, a value almost twice 
of the 2D measurement. This method may not be very practical for a continuous 
measurement technique. However, it can be a useful tool for analysing in-field 
damage evolving over time or rail traffic, especially for rail gauge corner cracks in 
sharp curves with roughness.  
 
Figure 7-2: Wear rate, micro slip and average surface roughness variation under 
various values of Million Gross Tones (MGT) 
High initial micro slip 
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Figure 7-4: Micrographs of replicas of surface fatigue cracks at the top of rail. 
One other important aspect of the replication methodology is that it can be 
used to identify surface fatigue cracks on rails. Figure 7-4 illustrates in-situ replicas 
where two surface fatigue cracks have been revealed at the top of the rail.  
As shown in Figure 7-4, these surface cracks connect with the rail gauge 
corner cracks. Effectively, these replicas can be examined through Scanning Electron 
Microscopy (SEM) to study the morphology of cracks, as well as the formation of 
shear bands. In this study, as shown in Figure 7-5, the following were observed: 
 
  
(a) (b) 
Figure 7-3: a) Image of replication position and b) 3D profile of surface replica on 
freshly ground gauge area of rail. 
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 Shear band formation at the vicinity of the ductile crack.  
 Brittle fracture on the surface (when crack developed to a critical size), 
attributed to a base metal particle.  
 Evidence of oxidation inside the crack after it is been spalled off. 
  
  
Figure 7-5: Investigation of the crack propagation characteristics in micro scale 
with the use of micrographs obtained through Scanning Electron 
Microscopy (SEM). 
 Conclusions 7.4
The preliminary findings obtained from the implementation of this method can 
be useful in exploring further its suitability for in-field measurements. In particular, 
this method can be used for detecting and measuring the evolution of surface 
irregularities and fatigue cracks on the rail/wheel contact interface. In summary, the 
following conclusions can be drawn from this study: 
 3D surface roughness information can be deduced successfully using surface 
replication technique at different contact intervals (e.g. as shown in Figure 1); 
this will extend the analysis of the tribological aspects of wear. 
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 According to the existing literature, perpendicular grinding facets wear off 
rapidly to the saturation level. However, in this study, it was identified that 
facets oriented on the direction parallel to running, accelerate the damage 
mechanism by altering the waviness to the surface. Severe gauge corner 
cracks emerged in sharp curves, where grinding facets lie parallel to the 
gauge corner cracking direction. 
 The replication process can be used for in-field measurements on rails, as a 
means to assess surface damage and roughness attributes under actual traffic 
conditions.  
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8 Summary and Future Directions 
 Summary of the thesis 8.1
The Australian rail industry has evolved rapidly over the last 25 years because 
of the developments in rail material properties, rolling stock design, and maintenance 
strategies, etc. Numerous rail institutes and universities, through their novel research 
approaches, have contributed to addressing persistent issues in the rail/wheel contact 
interface. This research was focused on the material characteristics of the heat-
treated rail steel with non-uniform hardness distribution and surface profile 
attributes‘ effects on wear mechanism. The insights of this project provide an 
effective contribution to the rolling contact fatigue literature and maintenance of the 
rail/wheel interface. 
Rail material has been subjected to numerous loading, operating and 
environment conditions that result in further complication of the damage mechanism. 
Thus, studying material behaviour is essential for developing a proper finite element 
model. There are no material properties of Australian rail steel that could be found in 
the open literature except for those in the recent studies on premium rail steel. The 
head-hardened rail steel exhibits non-uniform hardness distribution, unlike premium 
rail steel. There is a lack of research on cyclic parameters of the head-hardened rail, 
which is essential in understanding ratcheting behaviour of the rail steel from the 
surface. Further, it has been noted that lamellae spacing of pearlitic structure 
increases with increasing depth from the rail surface, and this corresponds to the 
ratcheting behaviour in stress controlled tests. Further, the rectangular shape 
specimens have been used in a cyclic load test to capture material behaviour more 
efficiently. The varying material properties may result from imperfections in the 
manufacturing process, including uneven cooling. With the preventive and corrective 
grinding of the rail, material layers are removed with each pass. The optimum use of 
rail material will be significantly reduced with the need for grinding and the severe 
rolling contact fatigue damage. The literature identified a similar material behaviour 
observed in flashbutt weld joints in premium rail steel. It was ensued due to a heat-
affected zone that occurs during the welding process. These joints suffer severe 
rolling contact fatigue and even vertical splits during their life cycle. Determination 
of the cyclic parameters of the heat-affected zone of head-hardened rail significantly 
enhances the numerical modelling accuracy on flashbutt welded joint analyses that 
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attracts great interest in the heavy haul rail industry. Extensive work has been 
conducted on the calibration of material parameters for the Chaboche-Lemaitre 
model and they were used as a material model in the finite element model. The 
simulation result reflects that diverse plastic strain accumulations have existed 
according to depth levels. Such behaviour is critically affected to condemned wear 
limits of the rail AS60 rail head as per standard. Further conclusions of the study 
reflect that the top surface layer exhibited higher wear and ratcheting resistance 
under various traction conditions, however, other depth levels were subjected to 
severe accumulations, leading to rolling contact fatigue damage. The safety 
condemned wear limit of AS60 rail is substantially influenced by the non-uniform 
hardness distribution of the rail head. 
The rail/wheel contact interface starts with a dime contact patch. However, the 
contact patch can evolve into distinct shapes depending upon rail material wear and 
plastic deformation on the surface. Continuous preventive and corrective grinding is 
performed on rails and wheels to obtain proper contact profiles and remove the 
defective layer to avoid catastrophic failure of the rail or wheel. The research has 
investigated the effect of different surface profiles that correspond to particular 
contact patches, from point to line contact. Point contacts tend to produce more 
damage when compared to line contacts, due to more concentrated stress. Moreover, 
point contact discs exhibited rolling contact fatigue damage in later contact cycles. 
Even the discs that started with point contact were flattened with wear and thus 
reduced contact pressure, where this fatigue damage initiated a peeling off of 
material in the surface with a combination of surface and subsurface fatigue. It was 
noted that surface profiles became wavy and roughened with the plastic flow of the 
material and developed cracks between those peaks and valleys. This phenomenon 
can be commonly observed in the rail surface as tongue lipping‘s and plastic flows. It 
is important to control surface irregularities on rail surfaces due to surface ratcheting 
that may cause the development of severe damage under rail traffic conditions. 
Wear particles were dispatched from the parent material holding material and 
wear properties of the parent metal. The plate-like particles are common morphology 
in the rail/wheel contact wear debris. Most researchers have been focused on the 
correlation between the particle morphology and its wear mechanism. It is argued 
that these flake-like particles are generated during the delamination process due to 
plastic shear strain accumulation at the wearing surfaces. This hypothesis was 
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developed in the last two decades to explain the particle generation mechanism, yet it 
has not been proven conclusively. This research has provided strong evidence of 
particle agglomeration and transformation to extruded particles by rolling through 
the contact interface using sectioned particles with classical morphology attributes. 
This was a novel approach to wear particle analysis that could enhance 
understanding of the rolling contact fatigue behaviour of rail material. Furthermore, 
the study highlights the development of the plastically deformed surface layer using 
nano-indentation on the metal slivers found in the sectioned particles, which reflect 
the parent metal‘s properties. In the literature, strain accumulation is traced at the end 
of the test, using sectioned discs. The suggested novel method can be used to analyse 
plastic strain accumulation of grain boundaries using collected particles at discrete 
intervals. Unfortunately, the rolling contact fatigue particles existed only during the 
initial interval due to the loading conditions of the test. However, these micro-level 
studies on the particles could be a key to solving the rolling contact fatigue mystery, 
as they reveal the development of delamination. 
All these studies have focused on understanding factors behind the rolling 
contact fatigue and wear. Development of the RCF cracks is another master piece 
that needs studies a rail damage mechanism conclusively. These studies were 
bounded by limited crack inspection methods such as eddy-current, ultra-sound, 
visual, etc. These techniques are sophisticated and can identify surface/subsurface 
cracks and rectify those cracks, using grinding or re-railing. Nevertheless, they do 
not prove to be such useful tools in studying and understanding how cracks develop 
under field conditions. The research has suggested that a new research tool can be 
used to identify and research surface fatigue; that is by using surface replication.  
Surface replication has been conducted on the rail and wheel disc throughout 
twin-disc tests to capture surface attributes with a minimum interruption to the 
damage mechanism. This kind of study couldn‘t be found in the literature. It was 
concluded that surface replica is capable of tracing surface attributes successfully at 
different contact intervals (traffic). This method can also be successfully applied to 
assess damage accumulation and crack development due to surface fatigue. Rail 
surface squats in the field were replicated as an initial application of the method and 
this approach is proven to be sophisticated enough to capture 3D crack morphology 
inside cracks as well as extensive information about cracks, such as shearing of the 
cracks, oxidation, fracture, etc. The proposed approach is a simple, efficient and cost-
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effective technique that increases a capacitance of the damage analysis in the 
industry. Most importantly, researchers or industry can take an impression on a 
replica at any time and preserve it for later analysis. 
 Main conclusions of the thesis 8.2
According to the thesis summary, the following main conclusions can be drawn, 
 Ratcheting response of the AS60 HH rail head was greatly affected by non-
uniform hardness behaviour, concluding that the limit of the hardening effect 
lies between 16-20 mm from the rail surface. 
 Chaboche-Lemaitre model can be used to predict the ratcheting response of 
the rail steel with proper calibration and finite element analysis; it concluded 
that condemned wear limits of the AS60 HH rail steel as per standard, are 
significantly influenced by degraded hardening properties of the rail head. It 
strongly advises further evaluation of the safety limits of the AS60 HH rail 
head. 
 Initial surface attributes lead to wear rate modification corresponding to stress 
distribution in the rail head.  
 The cross-sections of the wear debris enhance understanding of the wear 
debris generation and wear and RCF mechanisms. It also establishes the 
significance of this method in studying ratcheting accumulation of the 
material with loading cycles; one of the major damage driven mechanisms in 
the rail wheel contact mechanics. 
 Finally, a novel approach was suggested to delineate surface fatigue damage 
in the rail field using surface replication; this is a useful research tool for 
industry and researchers to study, especially for squats development in the 
field.  
 Limitation and future direction of the research 8.3
Throughout this thesis, new approaches to understanding wear mechanism and 
the heat-affected zone of head-hardened rail material are attracting much research 
interests and applications. Future work on rolling contact fatigue should focus on: 
 Replicating the twin-disc tests under higher contact load conditions that are 
sufficient to generate fatigue particles, and acquire particles and surface 
replication at frequent discrete intervals. Then use particle sectioning 
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techniques to quantify grain boundary accumulations with contact load, wear 
coefficient and number of cycles. Further, this work can be extended in 
collaboration with full-scale test rig facilities like TTCi (Transportation 
Technology Centre Inc.) where a full-scale test rig has been used to study 
rolling contact fatigue, while collecting rolling contact fatigue particles. 
 In this work, we have worked on a limited number of rectangular shape 
specimens to capture cyclic parameters. It is important to conduct numerous 
cyclic load tests to calibrate all material parameters of an advanced material 
model that enables accurate prediction of material behaviour. 
 Validated numerical models can be modified by assigning variable material 
parameters corresponding to a depth level that will enable parametric studies 
on the rail material behaviour. Furthermore, such models can be used to 
predict damage accumulation with grinding intervals that enable decision 
making on maintenance scheduling and condition monitoring. 
 Surface replication should be used on surface crack development in the field, 
especially in the gauge. The crack development process can be modelled and 
validated with experimental data that improves research on three-dimensional 
crack modelling. 
 Developed numerical models can be extended to flashbutt welded joints 
where non-uniform material behaviour is evident. 
 
